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A novel methodology for online
‘identification of arcing high impedance
fault on overhead power distribution
feeders

Abstract

Electrical utilities use overhead energfzed conductors to transport electrical
enefgy to consumers. There are millior_ls of kilometres of overhead distributién lines in
the world supplying energy for industrial, commercial and residential custdmers. In low
énd medium voltage overhead distribution systems, overhead conductors are exposed to
the surrounding elements and to abnormal conditions. High impedance faults (HIFs) on
-distribution feeders are abnormal electrical conditions that cannot. be detected by
conventional protection s;:he.mes and their detection is considered to be generallyl a
difficult problem.- Such faults usually occur when a distribution line conductor is
contacted by a high resistance grounded object, sﬁch as a tree, or when"a conductor
breaks and falls on a poorly conducting earth surface. The‘ main problem is that HIFs do
not draw sufficient fault current to be easily identified, and the presently available
protection systems and relays are incapable of accurately distinguishing high impedance
faults, such as a downed powér line conductor, from other normal system events and
activities. These faults pose a threat to human lives and properties when neighbouring

objects come into contact with the linés and energized conductors.

VII




The objective of this research was to study the behaviour of power distribution
lines under high impedance fault conditions. An accurate electrical model for HIF was
investigated, developed and simulated using computer software to identify special
features and patterns of the associated voltages and currents. '.A genetic algorithm was
implemented for the harmonic analysis and tracking of the transients associated with
electrical faults on transmission line. This analysis has lead to development of a high
impedance fault detection algorithm based on a genetic algorithm. The algorithm was
tested on an electrical circuit simulated using Matlab based on real life situations’, all of
the electrical components and. parameters of the circuit were taken from a line in

operation which had a history of many high impedance faults, some of them fatal.
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The Thesis Contents

A brief introduction is presented in Chapter 1. In Chapter 2 the High Impedance
Fault, the identification problems and previous research efforts for the detection are
described. In Chapter 3 the physical aspects of the phenomenon of arcing are explained,
and analysis of HIF data extracted form previous work is done and a new model that -
represents high impgdance fault is presented, tested and analyzed to prove that it has
covered the high impedance signature waveform, harmonics and angle. In Chapter 4 a
brief introduction to genetic algorithms is presented. In Chapter 5 a novel method for
using a genetic algorithm to track power system harmonics and phase-angle is presented
with different study cases. In Chapter 6 a comparative study between the genetic
algorithm and Fourier traﬁsform is presented to demonstrate that the genetic algo_rithm
can perform better than Fourier transform in Harmonics analysis. Iﬁ Chapter 7 the use of
the genetic algorithm for tracking harmonics on a power system is put to the test by

applying it to track the harmonics and phase angles resulting from arcing high

impedance faults.




Chapter 1

Introduction

1.1 General Introduction

From the beginning of widespread distribution of electricity and the increase in power
supplied by energy grids, the burden put on the energy system by new developments
and consumers in power markets in the world have led to the occurrence of faults. These
faults are due to the increased demand on the existing aging electrical infrastructure,
continuing low levels of investment, increasing grid congestion and the growing
problem of human interference with the electric grid. These faults have caused a great
deal of damage to the systems and a disruption of service to the customers. Faults occur
on distribution lines as a result of severe weather, lightning strikes, over growing tree

branches as seen in Figure 1.1 and the occasional human or animal intrusion.

Figure 1.1 Potential HIF Due to Tree-Limb contact




The direct impact of fault currents and their effects on transmission line equipnﬁent
cannot be underestimated in terms of loss of service and associated costs and it could
lead to blackouts that affect\a large number of customers at a huge cost to society [1].
Safety and reliability are the two most impoﬁant aspects in electric power supply
systems. Sénsitivity and robustness of detecﬁng and isolating faults can influence this
safety and reliability.

Fuses and circuit breakers are the protection equipment of choice in power
systems as they have' been developed over the years. Both, however, have serious
limitations and unwanted side effects. Fuses are used extepéively In power systems in
combination with _circuit breakers. The main disadvantage of fuses is that, once they
burn out, they must be physically replaced which can lead to even longer periods of -
| interruption of service. Circuit breakers stop the supply of power to the consumer and
they are necessary part of any protection system but should be the last alternative. The
continpity of supply has long been very important for power engineers; circuit breakers
interrubt this supply. Although many protection schemes have been developed, the main
reason why these protection devices operate is because of the occurrence of fault
currents in the sysfem.

A High Impedance Fault (HIF) on a distribution feeder is an abnormal circuit
condition which results in energy Being dissipated in a manner other than the serving of
the intended load. Most faults can be detected and isolated in time, but high impedance
faults and arcing faults are still difficult to detect in practice [2] because the (;‘urr_entsb the
faults produce are small and they mimic normal loads. Distribution feeder conductors
are prone to physical contact with neighbouring objects such as overgrown Vegetation,v
building walls, asphalt, é high impedance object or surfacé, which lifnits current values
for faults on distribution systems and prevents conventional over-current protection

from operating. Under these conditions, faults can go undetected [3, 4]. The arcing that
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often results frorﬁ HIFs can have deadly fire and electrocution consequences. A HIF ‘
may result in damage to the electrical system, loss of power to customers, public hazard,
or possible unsafe conditions due to arcing and flashing and possible property fire [5]. It
is estimated that over 60% of fires are électrically caused due to hot neﬁtrals and arcing
type faults in low voltage utilization systems [6]. The traditional methods of detecting
and isolating such abnormal conditions are over-current protection relays. Conventional
protection relays can easily miss these faults because the magnitude of HIF curreﬁt
signals is much lower than their seftings (i.e. it produces only slight deviations from
steady state current) [7]. Over the years, conventional over-current based protection
scherﬁes have been successfully used to detect and protect against "low impedance"'
faults. However, High Impedance Faults (HIFs) in power systems present a complex
and unique challenge for engineers because a HIF does not draw enough current for the
protection system to detect it and due to the nature of such faults as they exhibit non-
linear characteristics and non-sinusoidal waveforms [8]. A high impedance fault occurs
in the event of a still-energized conductor making unwanted electrical contact with
many different types of surfaces and objects such as roa;d surface,v sidewalk, tree limb
and so on. What all these surfaces have in common is that they reduce the flow of
current toward the fault point to a level that cannot reliaioly be détected by conventional
over-current protection schemes. The typical HIF current values are shown in Table 1.1

provides typical fault current for downed conductors on different types of surfaces

where the system voltage 1s 12.5kV [4, 5, 9]




Table 1.1 Typical HIF current on various surfaces (system voltage 12.5kV)

. CURRENT
MATERIAL (AMPS)

Dry asphalt <]
Concrete(non- <1
reinforced)

Dry sand <1
Wet sand 15
Dry sod 20
Dry grass 23
Wet sod 40
Wet grass 50
Concrete reinforced 75

HIFs typically occur on a distribution circuit’s voltage level below 15kV. Faults
on higher voltage circuits usually exhibit sufficient fault current to be detected by over-
current protective devices; generally, there is sufficient voltage to overcome the initial
contact impedance and the establishment of a fault current will allow conventional

detection and isolation.

Figure 1.2 HIF on tree Figure 1.3 HIF on gravel surface

The potential hazard to public and property from undetected faulty high voltage
wires can lead to very serious consequences and may be fatal. Since high impedance
faults can occur on many different surfaces resulting in different arcing and load
characteristics, a selection of different test surfaces were utilized during the staged fault
test done a few years ago by ABB and the results are shown in Figures 1.2, 1.3, 1.4, 1.5

and 1.6 [10].




Due to the unpredictable nature of HIF behavior, these downed conductors are a
major concern to many electric utilities as a public safety hazard. For this reason, the
IEEE Power Engineering Society published a Public Affairs Document "Downed Power
Lines: Why They Can't Always Be Detected" to address and educate the public about
downed conductors and the difficulties in detecting such faults [11]. For a conventional
protection device an increase in load current between 0 and 100 Amps can be either a

HIF condition or an increase in load demand [12].

Figure 1.4 HIF on sand surface Figure 1.5 HIF on concrete surface
There is no simple way to differentiate between a load and a HIF unless other patterns
in the current waveform, besides amplitude, are considered. This leads to decomposing

the line current and studying its harmonic content.

Figure 1.6 HIF on asphalt surface




When HIFs are not detected, they create a public hazard and threaten the lives of
people. Actually, the desire to improve public safety has been the primary motivator for
the development of HIF dgtectors. Thﬁs a better and more accurate fault detection
technique, which has the ability to. detect and recognize the behavior of the system.
under fault conditions, is required. This has become possible thanks to the availability

of high-speed digital computers.

1.2 Research Motivation

According to the IEEE Power System Relay Committee report (PSRC) [13],
high impedance faults afe a growing area of céncern for the utility companies.
According to their survey on 107 utilities, there were 148 HIFs not detected by relays,
82 HIFs not detected by reclosers and 94 HIFs not detected by fuses. The survey
reported the percentage of total recorded ground faults not cleared as between 1.5% and
3.5% depending on voltage classification. The IEEE (PSRC) survey on distributioﬁ line
protection practices [14] asked 107 utilities to report on whether they had equipment to
monitor distribution vsystem harmonics; of those, thirteen utilities reported using
p('mablev equipment to monitor harmonics and five more are in the planning stage. When
asked if their company has applied any type of protection scheme solely for the purpose
of detecting high impedance faults, fourteen utilities responded that they had tried to
apply a protection scheme for the sole purpose of detecting HIFs, while 88 of the
responding utilities had ﬁot applied this type of protection. The schemes that the
fourteen utilities use to detect HIF s are relay bias by load éurrent, low pickup ground

relays, ground relay blocks reset of reclosing relay, Texas A&M trial installation and

open conductor detector. All but one of the reported schemes had coordination or




balance problems, and most appear to have been taken out of service because the
problems outweighed the benefits.

Presently, there are no exact statistics on how often HIFs occur. This is because
utilities normally ’record system events that result in a breaker orz fuse operation.
Another factor that contributes to scarcity of data on HIFs is the legal issues associated
with injuries or .damages that might result from an undetected HIF. A report published
by General Electric indicates that about 5-20 % of faults on distfibution feeders are
HIFs [5]. A study of downed conductor faults conducted by Pennsylvania Power and
Light Company showed that 32% of these faults were not éléared by overcurrent
protection [15]. Another study indicated that approximately 30-50% of the& downed
conductor events are HIFs [9].

From a questionnaire conducted during this project with Scottish and Southerﬁ
Energy regarding high impedance faults, it was found that HIFs are considered as a
problem to electricity power sﬁpply. Their common devices of protection aré the
Neutral Point Displacement protection for the 33kV transmission lines and Sensitive
Earth Fault (SEF) protection for the 11kV transmission lines. In some cases of
undetected HIFs the company relies normally on customers reporting the fault. When
asked about the identification of the faultb location, they replied.that they do not have
any fault location identification devices for HIFs and the line patrol will manually
follow the line and check it to locate the fault before re-energising the line.

The leading expert in this area - when approached by email - B.D Russell at
Texas A&M University, replied that “This problem is still a challenge since no full
approved method that is 100% had been found”.

In an interview with a senior engineer at the. Ministry of Electricity and- Water
(MEW) Kuwait, he said that “high impedance fault is an issue that happens on the

network in Kuwait and, on the 27" of February 2005, a fatal accident happened which




involved downed undetected power lines and resulted in one teenage death and one
hospitalized”.

The nature of HIFs has been studied in detail since the early 1970s in the hope
of finding a practical method Qf detecting such disturbances. Utility protection
engineers and researchers have investigated, developed and tested several solutions, and
several different techniques for detecting HIFs over the years. The problem is, however,
that those HIFs tend to exhibit not only low fault currents but also random behavior,
with unstable and wide fluctuations in current levels. The fault signals are also rich in
harmonics and have high-frequency components.‘

It is difficult to reject false trips caused by the many phenomena that have
similar electrical signature to high impedance faults. These phenomena oécur routinely
on all distribution systems, they are generally undocumented and occur at random times
because of load variations, capacitor switching or changes in system configuration.
Conventional detection schemes monitor only low impedance faults (LIFs that result in
instantaneous and large increments of current due to a low impedance path to ground).
A HIF seems almost invisible to such detection methods because it preseﬁts only a
small increment in line current élnd thus appears to be a normal load increment. With
their low current, HIFs can remain undetected for hours or even days in remote areas.
The best line of protection to date has been a phone call from a passer by who sees the
line on the ground, or from an occupant experiencing a power outage. Even then, the
downed conductor can be “hot” on the ground for a considerable length of time before it
1s noticed. Depending on the surface conditions where a ground fault occurs;
conventional detection technologies, which are based on a measurement of current
magnitude, may be unable to distinguish between high-impedance faults and load

imbalances. The need to find a reliable means to selectively identify HIFs seems to be a

growing area of interest to power utilities.




1.3 The research contribution

This research is presenting a new technique for accurate modelling and detection

of arcing high impedance faults on overhead power distribution lines. An accurate and

reliable method is designed, proposed and tested using Matlab. By observing the current

waveforms and frequency spectrum resulting from a high impedance fault, some
characteristics are used to identify the existence of such a fault in the system. The
problem is formulated as an estimation problem and solved using Real Coded Genetic
Algorithms (RCGA) optimization techniques. The goal is to minimize the error in the
estimated state parameters via a fitness function. The proposed techniciue has been

tested using simulated cases. The need for a Genetic Algorithm based scheme is

discussed. The detection methodology is based on digital current signal analysis.

Harmonic contents and other important current characteristics are estimated. The results

of the analysis show the way of differentiating bétween the HIF and other normal and -

abnormal circuit conditions. The steps of the processing techniques are shown in Figure

1.7.
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Chapter 2

High Impedance Faults

2.1 Introduction

In this chapter, the deﬁnitjon of a high impedance fault (HIF) and a desc,riptibn
of the problem are presented. The motivation for detection and the various studies under
way or recently completed are discussed. Exploring the electrical characteristics of an
overhead distribution system that takes place when a HIF occurs is ver/y important. So if
the characteristic changes in a way that signifies the onset of a fault, a HIF could be

identified. Thus a detection scheme using these changes could be developed.

2.2 Description of HIFs

The detection of HIFs on electrical distribution systems has been one of the most
persistent and difficult problems facing the electric utility industry. The clearing of
diétribution line faults is generally accomplished by a device which senses the
overcurrent produced by the fault and then reacts to disconnect the faulted line from the
source. Such devices include relay and circuit breaker combinat.ions, reclosers and fuses.
Overcurrent protection is achieved by using ﬁxse links, overcurmet relays and groufid
current relays to detect faults. In addition, for providing overcurrent p'rotect.ion,’the
phase overcurrent relay must be capable of carrying normal and .emergéncy load
currents and transient overcurrent, they must not trip on inrush and.surg‘e currents;

thereby causing unnecessary service interruptions. Because of this, the threshold of




operation must be set at relatively high current level in relation to the load current as
seen in Figure 2.1 (i.e above load currents). The current which flows during a fault
depends on many variables, one of which is the impedance of the fault itself. High
impedance can limit the fault current to values which are below the threshold‘of
operation of the fault clearing devices. In such a case the fault cannot be recognized and"
will persist until some external event clears it. Often this is a manual operation which

may take a considerable length of time to be performed.

- AVAILABLE EAULT CURRENT "
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PHASE RELAY SETTING M
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HIGH IMPEDANCE |- ‘
FAULT CURRENT o

Figure 2.1 Relationship of high impedance fault currents to overcurrent device settings

Typical measured values of the primary fault currents for a 12.5kV dist_ribution
feeder conductor in contact with various surfaces were shown in Table 1.1 in Section
1.1. |

A HIF may be broadly defined as one that cannot be detected and cleared by
conventional fault clearing devices [16, 17]. Such a fault usually occurs when a
distribution line conductor is contacted by high resistanc'e. grounded object. These faults
often exhibit arcing phenomena when no solid return path for current is available. In

addition to service interruption they can cause many unsafe and hazardous situations.




2.3 Physical Aspects 6f HIFs

HIF is a generic term which can be applied to a number of abnormal system
con.ditions caused by a wide variety of circumstances. The main difficulty in detecting
HIFs is the lack of knowledge about the electrical characteristics and behavior of this
type of fault. In this section the variables associated with HIFs are categorized as a first

step towards specifying a detection scheme.

2.4 Mechanisms of occurrence of HIFs

A HIF is typically characterized by a low magnitude of fault current, sometimes
of an order of milliamperes. A low current magnitude might be caused by one of three
conditions:

1. A high resistance or high impedance return path for the fault current.
2. The fault occurring at a location electrically remote from the source thereby
reducing the available short circuit current.
3. A combination of both of the above. -
A HIF can occur in various ways and can be a permanent or a temporary fau}t. These
faults could be caused by:
1. The physical separation of conductor resulting in the conductor falling to the
ground.
2. A break in the conductor insulation which results in a fault.

3. Contact of conductor with foreign objects such as tree limbs, animals, and

buildings.
HIFs caused by separated and downed conductors are usually permanent faults,
as they require knowing their locations and repair of the break by a repair crew. The

faults caused by contact could be permanent or temporary. For example, if a tree limb
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grows near a power line and contacts a conductbr, the fault will persist until either the
limb burns off or the fault is located by a crew and removed. If the fault is caused by an
animal crossing between phases or a phase and ground, the fault would persist until the
animal burns free .of the line. A recloser operation would eventually restore power to the
line, making the fault temporary. This research is directed towards permanent HIFs

since they present the greatest risk to public safety.

2.5 Operational problems caused by HIFs

Conventional protection devices operate when the line that ié protected exceeds
the system’s normal value (voltage unbalance, current, impedance, etc.) for operation.
In the case of an over-current relay, a gross positive deviation of cuneﬁt must occur in
order vto cause the relay to operate. The relay must be set to operate above the normal
load current, the emergency load current and occasional positive excursions from fhé
system normal current. For example, a system is supplying 600 Amperes of load current
and a HIF occurs on this system producing a few amperes. By comparing the HIF
current and the normal load current it is found that the HIF current will remain un-
measurable and undetectable using conventional protective devices.

A HIF caused by a downed conductor could produce as little as a few
milliamperes of fault current, which is essentially a zero-current condition. It is difficult
to Aiscriminate this type of fault from normal load switching even during times of low
consumption, or from the altering of circuit geometry caused by the operation of a
circuit interrupter.

Over a period of years, researchers at Texas A&M Univefsity staged
approximately 200 high impedance faults, under various operation conditions. Of these

200, less than 10% were cleared by conventional protection. Pennsylvania Power &

Light Company, in a survey of electric utilities found that 61% of overhead distribution




lines had problems with HIFs. The survey also found that on a 12kV overhead
distribution system, up to 32% of faults produce currents too low for detection by
overcurrent devices [15, 18].

Sometimes HIFs exhibit arcing of a highly random nature, resulting in fault
currents with noticeable high frequency components. The same behaviour can resﬁlt
from normal operations such as éapacitor switching and transformer tap changing. If the
fault occurs within 20 miles of the substation, the resulting high frequency noise can
sometimes propagéte back to the substation, allowing for.detection. there. However,
grounded éapacitors along the way can sharply attenuate the signal. These attributes of
HIFs make them very difficult to detect.

' .Faults-on primary distribution feeders are commonly cleared by devices on
overhead lines which sense over-current conditions. These devices are .placed to
interrupt fault currents, which may constitute 150-300% of normal load currents, but
they should not interrupt normal or emergency load currents and transient over-currents.
Over-current devices are commonly set to operate at 125-200% of rated line current for
a given feeder section [7, 15, 16]. Since most HIFs involve current levels much less
than those of bolted (short-circuit) faults, they cannot be reliably detected by
conventional devices.

Ground relays, which can sometimes be set more sensitively than phase relays,
are often used to help clear HIFs. However, these relays must be set high enoug'h to
carry the neutral currents resulting from phase unbalance, and coordinate with other
circuit protection devices. Tripping on large inrush currents during cold load pick up
and normal circuit switching must be prevented as well. In some distribution circuits, an
unbalanced load could require a ground current relay setting as high as one half of the
phase relay setting. In other distribution circuits, the ground relay may be omitted

entirely because of severely unbalanced conditions that make it no more effective than
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the phase reléy. Practically, since there are unbalanced loads on the electrical network
(in some cases as much as 50-75% unbalance), utilities must set ground relays to allow
for some unbalance in the phase loads which can produce a large normal neutral or earth
return current. Althoilgh ground relays do detect many current faults, these relays still

do not detect faults with very low current [15].

2.6 Symmetrical Components

The method of symmetrical components is very important in the. analysis of
three phase electrical systems. It provides a practical tool for ﬁnderstanding and
analysing electrical power system operation during unbalanced conditions. The
principle of symmetrical componenté, as applied to three phase circuits, is that an
unbalanced group of three related phasors (for example, three unsymmetrical and
unbalanced phasors of voltage or current in a three phase system) can be resolved into
three sets of phasors, of equal magnitude and phase shift of either zero or 120° és shown
in Figure 2.2. Each set is a "symmetrical component" of the original unbalanced system
with the following properties:

1. The positive-sequence components consist of three phasors equal in magnitude,
displaced from each other by 120° in phase, and have the same phase sequence
as the original phasors (ra-b-c).

2. The negative-sequence components consist of three phasors equal in magnitude,
displaced from each other by 120° in phase, and have the phase sequence
opposite to that of the original phasors (a-c-b).

3. The zero-sequence components consist of three phasors equal in magnitude and

with zero phase displacement form each other.
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Figure 2.2 Three sets of balanced phasors which are the symmetrical components of three
unbalanced phasors

For the full mathematical description of symmetrical components refer to Appendix 1.
In the case of a single line to ground fault through an impedance, as for the case
of the high impedance fault, the hypothetical impedance Z , is connected to the line as

shown in Figure 2.3
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Figure 2.3 Single line to ground fault ' [aolé 32, ‘

Figure 2.4 Single.line to
ground fault sequence*
network
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The following relations exist at the fault:

Ib:IC:0

1,,=1,,=1,=1,/3 means that all sequence circuits are in series at the fault point as

shown in Figure 2.4
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Vo=V tVy +V=2,1,=32,1,

1a1=
Z,+Z,+Z;+3Z;

As mentioned for examplé in [19], by applying the symmetrical cdmponents
method, faults through an impedance may be treated as a single phase load. The Single

line to ground fault impedance Z , is equivalent to connecting a single phase load from

line a to neutral. In the case of detecting high impedance faults, the method of
symmetrical components in its standard formulation does not include the analysis of the
harmonics, or their angle shifts, therefore by itself does not offer any particular
possibility to detect HIF without other measurements such as harmonic content and

phase shift of such faults.

2.7 Harmonics and their generation

Over the past several years, electric utilities have experienced an increase in the
use of harmonic producing equipment. Harmonic distortién is caused by nonlinear
devices in the system. A nonlinear device is one in which the current is not proportional
to the applied voltage. More recently the range of types and the number of units of
equipment causing harmonics have risen sharply, and are likely to continue to rise.
Harmonic load currents are generated by all non-linear loads. These include:

Single phase loads, such as:

e Switched mode power supplies (SMPS)

¢ Electronic fluorescent lighting ballasts

e Small uninterruptible power supplies (UPS) units
Three phase loads, such as:

e Variable speed drives

e Large UPS units




Since harmonic voltages produce harmonic currents with frequencies.
considerably higher than the power system fundamental frequency, these currents
encounter much higher impedances, as they propagate through the power system, than
does the fundamental frequency current. One of the reasons is the skin effect, which is
the tendency for higher frequency currents to flow near the surface of the conductor.
Since little of the high-frequency current penetrates far beneath the surface of the
conductor, less cross-sectional area is used by the current. As the effective cross section
of the conductor is reduced, the effective resistance of the conductor is increased. This
increased heating effect is often noticed in two particular parts of the power system:
neutral conductors and transformer windings. These harmonics flow in the system
- neutral and circulate in delta-connected transformer windings, generating excessive
conductor heating in their path [20].

Other sources of harmonics on distribution system are transients due to capacitor
or load switching. Although transient disturbances contain high-frequency components,
transients and harmonics are distinctly different phenomena and are analyzed differently.
Transient waveforms exhibit the high frequencies only briefly after there has been an
abrupt change in the power system. The frequencies are not necessarily harmonics; they
are the natural frequencies of the system at the time éf the switching operation.
Trans.ients are usually dissipated within a few cycles and they are usually associated
with changes in the system such as switching of a capacifor bank. Harmonics are
associated with the continuing operation of a load [21].

Because of the adverse effect of harmonics on power system components, many
companies and countries have established limits of harmonics on the distribution
systems. In France the limits of harmonics on the distributipn system are 0.6% of
fundamental for even harmonics, 1% of fundamental for odd harmonics, and 1.6% total

harmonic distortion. In Germany the individual harmonic level are set at 5% of the




fundamental voltage level up to the 15" harmonic. In Australia the limits of harmonics
in a distribution system up to 33kV is 4% for the odd harmonics and 2% for the even
harmonics [20].

The IEEE developed the standard 519-1992 [22] to define recommended
practices for harmonic control. This standard also specifies the maximum harmonic
distortion allowed in the voltage and current waveforms for various types of systems.

The maximum harmonic current distortion in power systems is shown in Table 2.1.

Table 2.1 Current Harmonic limits as per IEEE 519-1992

Maximum Harmonic Current Distortion in % of I}

Individual Harmonic Order (Odd Harmonics)

/1, <11 l1sh<17 | 17<h<23 [ 23<h <35 35<h TDD
<20* 40 2.0 15 0.6 0.3 5.0
20<50 7.0 35 25 1.0 0.5 8.0
50<100 10.0 45 4.0 L5 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits. TDD refers to Total Demand
Distortion and is based on the average maximum demand current at the fundamental frequency
taken at the Point of Common Coupling PCC.

* All power generation equipment is limited to these values of current distortion regardless of

Isc/IL

[ = Maximum short circuit current at the PCC
SC

IL = Maximum demand load current (fundamental) at the PCC

h = Harmonic number

High impedance faults are dominated by odd harmonics as will be shown in
Section 3.4 of this thesis using real HIF data collected by KEPCO. The typical
magnitudes of the 3™ and 5" harmonics with respect to the fundamental current exceed
most of the limits allowed in the distribution systems by the countries mentioned above.
Thus the presence of harmonics due to non-linear loads, although inconvenient, is
unlikely to pose a significant problem in the proposed HIF detection scheme. This view
is reinforced by the study in [23] which emphasises the differences between high

impedance fault harmonics and the harmonics which occur from other causes in the
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system. The study suggested preferred criteria to distinguish HIF from other events in
the system. These criteria are:

1- the change in the ambient 3" harmonic current magnitude

2- the change in the ambient 3™ harmonic current phase angle

The study concluded that there is a unique signature of a high impedance fault
due to a combination of the magnitude and phase angle of a single harmonic current and
thus an accurate measurement makes the 3™ harmonic current a viable and reliable
parameter for detection of HIFs.

The problem of correctly identifying a system disturbance, which at least
superficially may appear to be the same as the normal system operating condition, is
compounded by the different types of distribution systems. Ungrounded systems can
behave considerably differently from grounded systems during a HIF. If a conductor
breaks and makes a contact with the ground, the ungrounded system reacts with a
neutral voltage shift while the grounded system reacts with the change in phase
currents. It is obvious that neither the phase current nor the neutral voltages are
sufficient by themselves for detection purposes. During a bolted fault, the thermal
effects of faulted lines are dangerous, causing possible destruction of the interconnected
system. So detection and clearing of these faults is necessary for the integrity of the
entire feeder. On the contrary, HIFs pose no direct danger to the system, although
electric shock and fire hazards still exist. Hence, system protection is not the prime goal
of HIF detection. Even though the actions taken to detect these faults may be identical
to those of bolted fault clearance, the motivation for HIF detection is to improve public

safety.




2.8 Previous High Impedance Fault investigations and
research

The fault conditions can adversely affect the quality of electrical service and
under some conditions present safety hazards such as arcing and fire as shown in Figure
2.5. Various utilities and research institutions have long sought an appropriate fault
detector. In power systems, most faults are detected by an increase in current flow
towards the fault point. The most common method of detecting and isolating an
abnormal condition on a distribution line is an over-current protection relay [2, 7];
however, since most HIFs produce current levels indistinguishable from normal loads,
this method causes frequently unnecessary service interruptions. Lowering the settings
on ground relays in the hope of detecting abnormal ground currents is impossible for
multiple grounded systems and unreliable for feeders with a normally high degree of

unbalance.

Figure 2.5 Arcing power line

Mechanical detection usually involves some way of forcing contact with a solid
ground in order to allow conventional over-current protection to operate. The first type
of mechanical HIF detection method consists of a device or devices mounted to a cross
arm or a pole [3, 5]. The device is mounted under each phase wire in order to catch the
conductor as it falls to the ground. The force of the falling conductor releases an internal

spring that ejects a bus bar to make contact with the fallen wire and create a low
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impedance ground fault. The ground fault created will cause conventional over-current
protection to operate. However, sagging conductors that do not come in contact with
earth or a grounded object could be detected by this mechanical method b:y mistake.
Moreover, the installation and maintenance costs are high. For bi-directional coverage,
six units would have to be mounted on each pole. Even though the cost is high to allow
usage on every pole, utilities may install the system in certain areas, such as churches,
schools, or hospitals.

A second type of mechanical HIF detection method uses é pendulum mounted
aluminum rod with hooked ends [3]. It is suspehded from an under-built neutral
conductor. Thé falling conductor is caught and produces a low impedance ground fault,
which operates conventional over-current protection. Typically, two units are mounted
per span. Again, sagging conductors that do not come in contact with earth or a
grounded object could be detected by this mechanical method. Also ice, wind and tree
growth could cause a false detection.

The Ratio Ground Relay detection method is an electromechanical relay [4, 24,
25] based on the concept that the amount of load unbalance on a given feeder is
invariant over a small time interval. This is done by computing the rétio of neutral
current to positive sequence current. Another technique involves finding a chi—squéred
test statistic using 60 Hz sequence components and harmonics to detect HIFs. This
technique seeks a change in feeder unbalance to indicate the presence of a fault. After
implementation, the method failed in 60% of cases [17]. Yet another scheme uses
increases in frequency components near 60 Hz to detect faults. However, the 60 Hz
parameters normally dominate the frequency spectrum, so it is difficult to detect
meaningful changes in them [26].

Some other methods try to solve the problem using different approaches as

shown in Figure 2.6 and amongst past HIF works published in IEEE transactions it is
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documented that the fault current harmonics are a function of the system voltage and not
of the load current [8]. Phase information in the harmonics is shown to be significant in
evaluating if a HIF exists. The phasor changes of the 3rd harmonic are measured in
addition to its magnitude or phase position. High-impedance faults are non-linear and
always result in distorted currents, so harmonic analysis is critical in the estimation and
determination of HIFs. This is in part the reason why lower spectral components are
preferred for HIF measurements. Also, the 3rd harmonic is a good measurement factor
since it is the least disturbed by a resonant condition. A signature of a HIF, as described
in [23], can be detected by the change in the ambient 3rd harmonic current magnitude

and its relative phase to the system voltage.
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Figure 2.6 Some approaches for HIF detection
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Researchers from Texas A&M University have investigated high impedance
faults since the early 80s and are pioneers in HIF detection and developed algorithms
based on current magnitudes and waveforms. Mixtures of algorithms to evaluate HIF
have been implemented, but only two are detailed and described in some depth. The
energy algorithm [4, 25] method monitors a specific set of non-fundamental frequency

component energies of phase and neutral currents. After establishing an average value
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for a given component energy, the algorithm indicates arcing if it detects a sudden,
sustained increase in the value of that component. The randomness [4, 25] algorithm, on
the other hand, calculates the amount of randomness associated with a fault using the
energy contained at a non-fundamental frequency as the monitoring quality. The
detection logic used by their microprocessors uses two (or more) algorithms for
anaiyzing four currents (3 phasves + neutral) and their three spectral groups (odd, even, .
and none). A total of 24 inputs are taken into the microprocessor to determine a HIF
(two algorithms * four currénts * three frequency components). Timers are intended to
rule out normal system activity such as bank switching, motor starting, or load shifting.
It is considered that nominal system disturbances such as the aforementioned are
occasional and momentarily only. High-impedance faults must be detected within the
first minute of incidence; otherwise due to changing media conditions (chemical |
properties in the fault location due to heat, and ionization) they will never be detected
since the current may level off to normal again while the HIF still exists. When the pre-
programmed logic believes that there is a HIF, the system’s alarm state changes. If the
confidence level reaches 100% (first presence of a HIF), the algorithm resets the flags
and tests the system all over again. If the HIF still exists, and the second confidence
level is again acceptable (i.e. >80% of confidence), it tries one la_st time. If the detection
is acceptable again, an alarm triggers. This system was developed by Texas A&M
Power System Automation Laboratory (PSAL) and it is currently licensed to General
Electric (GE). Ever since GE’s acquisition of this product [8], HIF research de-
intensified as the end-product detects a good number of HIFs todéy.

The Digital Feeder Monitor system is a method that analyses harmonic and non-
harmonic components of the feeder’s current between 30 and 780Hz through the use of
pattern recognition. Down conductors are differentiated from arcing conductors by

looking for a loss of load or a high current fault prior to the HIF event.
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The Load Analysis Algorithm [25] method. differentiates between arcing
downed conductors and arcing intact conductors by looking for a precipitous loss of
load and/or an overcurrent disturbance at the beginning of an arcing episode.

Other researchers invest;gated the use of wavelet transforms [27-31] where the
detection process is preformed through signal decomposition. However, wavélet
analysis has three severe disadvantages. The first problem is lack of phase information

that accurately describes non-stationary signal behaviour. The second drawback is to do

with the shift sensitivity which implies that wavelet transform coefficients fail to

distinguish between input signal shiftsi. Finally, the third difficulty is poor directionality
because wavelet transform coefficients reveal only three spatial orientations.

Artificial neural networks, which are based on the structure and function of
human brains in physiology [32-39], are also used to detect high impedancé faults and
the method is to train the neural network for as many HIF cases as possible so when the
network is then presented with an input it has seen before, it will (hopefully) produce
the right oufput. Again, there are problems with this approach, the training sample size
used has to be large to ensure that the results are statistically accurate and that requires a
lot of computational power. Moreover, as individual relations between the input and
output variables are not developed by engineering judgment, the model tends to be a
black box or table without analytical basis. Another disadvantage of the neural networks
is the complexity of hardware and software necessary to enable it to deal with industrial
applications. For example, if process conditions change from those used when training
the neural network, data must once again be collected, analyzed and used for retrainiﬁg

the system.
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Table 2.2 Summary of some HIF detection methods
I Methods Description Reference l

Mechanical methods In these methods some devices are use to provide low impedance [5]
by catching the fallen conductors

Electrical methods

Time Domain Ratio ground relay [40]
Proportional relay algorithm [24]
A smart relay based on time domain feature extraction [41]
Arc detection method [42]

Frequency Domain Several papers have been published based on harmonic component
using Fourier transform [43, 44]
Inter harmonic component [45]
High frequency spectra [46]
A method based on Kalaman filtering [47]
A method based on fractal theory [48]

Artificial neural its method is to train the neural network for as many HIF cases [32-39]

networks

Wavelet transform Wavelet transform (WT) can be used to analyze the transient [27-31]
behavior of a signal in both time domain and frequency domain

When a downed conductor HIF occurs, energized high voltage conductors may
fall within the reach of the public which may cause electric shocks and threaten lives in
addition to power supply interruption. Moreover, because arcing often occurs with HIFs,
these faults can result in fire and property damage and endanger public life many
researchers have studied HIF and proposed detection methods and they are summarized
in Table 2.2. Therefore, the challenge to provide a reliable detection method that
responds to the system requirements still exists because in most cases power companies
rely on being notified of down conductor by customers. Better techniques need to be
developed so that power companies can benefit from the improved detection of HIF

with no damaging effect on service reliability.
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Chapter 3

Modelling arcing high impedance faults
in relation to the physical processes in
the electric arc

There is an increasing demand for more detailed and accurate modelling
techniques for predicting transient response of power systems caused in particular by
high impedance arcing faults (HIF). This is particularly so in relation to the design and
development of improved equipment and new protection techniques. Accurate
prediction of fault transients requires detailed and comprehensive representation of all
components in a system, while the transient studies need to be conducted into the
frequency range well above‘the normal power frequency. The HIF is a very complex
phenomenon and exhibits highly nonlinear behaviour. The most distinctive
characteristics are nonlinearity and asymmetry. The nonlinearity arises from the fact
that the voltage-current characteristic curve of the HIF is itself nonlinear. It is also
observed that the fault current has different waveforms for positive and negative half
cycles, which is called asymmetry. The nonlinearity and asymmetry exist in every cycle
after the HIF. In order to obtain a good representation of a HIF, it is necessary to

develop a model that gives the above mentioned characteristics, as well as the harmonic

content of the HIF.




3.1 Introduction

In the case of an arcing HIF, when an energized conductor contacts the ground,
the electric contact is not solid. Due to the existence of éir between the ground and
conductor, the high potential differences in such a short distance cause a breakdown of
the insulating properties of the air and excite the appearance of an arc. This occurs when
a conductor breaks and falls on a non-conducting surface such as an asphalt road, sand,
cement, grass or perhaps a tree limb, producing very little measurable éurrent.

HIFs have characteristics in their transient and steady states that make them

“identifiable. An accurate modelling method for a HIF is essential for the development of

reliable detecting algorithms. The HIF model’s data should contain the complex
characteristics of HIFs such as nonlinearity, asymmetry, the low frequency phenomena
typical of an arcing fault and the angle shift of the third harmonic. Some models of HIFs
have been proposed in literature. For example, in the past and for the purpose of
simulation or calculation in reference [49] the HIF was simulated by connecting a
resistance to the network at the fault point. Later on, a model based on a diode was
presented in [50]. Other researchers had modelled HIF as a voltage source in [51, 52].
another model in [53] uses two time-varying resistances (TVR) in series. One TVR is
used for buildup and shoulder from the waveforms in the transient étate after HIF and
then the other TVR for nonlinearity and asymmetry from the voltage-current
characteristic for one cycle in the steady state after HIF. Although these methods
représent the nonlinear béhaviour of HIFs well, they are not capable of representing the
other important characteristics mentioned abbve.

| According to the expérimental work of the Korea Electric Power Corporation

(KEPCO) [53], the HIF experimental data was collected on a 22.9kV distribution

system. The total number of experiments was thirty two and the sampling frequency




10kHz. Figure 3.1 exemplifies the currents for the 20" and 40" cycle after the HIF has
occurred; both currents exhibit some asymmetry. Figure 3.2 shows the voltage-current
curve and demonstrates the degree of nonlinearity. The “signature” of the current curve
and the current-voltage curve for HIF has a unique shape.

While designing a model for HIF, it must be taken in consideration that the

developed model should give the above mentioned characteristics and harmonic content

of HIF.
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Figure 3.2 Voltage-current characteristic curve for one cycle in the steady state after HIF
(nonlinearity) [53]
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3.2 Physical processes in an arc

By their nature all gases are normally good electrical insulators and molecules in
gases at low pressures are widely spaced so that they can be conéidered independent of
one another except for occasional collision due to random thermal motions. But it is
.well known that the application of a sufficiently high electric field may cause a
breakdown of the insulating properties, after which current may pass through the gas as
an electric discharge. The term arc is usually applied only to stable discharges, and an
arc may be regarded as the ultimate form of discharge; it is defined as a lﬁminous
electrical diséharge flowing thréugh a gas between two electrodes. Electric discharges
are commonly known from natural phenomena like sparks whose lengths can vary.

Discharges.can occur not only in gases but also in fluids, solids or in almost any
matter that can turn from a state of low vanishing conductivity to é state of high
conductivity, when a sufficiently strong electric ﬁeld is applied. The first theories that
introduced a satisfactory explanation of the electrical breakdown of air were put forward
by Townsend [54, 55] and later by Slepian [56].

Figure 3.4 shows the three general regions of an arc: the ar;ode, the cathode and
the positive column. The voltage drop in the cathode region is much largér than the
voltage drop in the anode region, which' is usually considered to be smaller. The
positive column, or plasma, has a fairly uniform voltage gradient [57]. Arcs may be
initiated in three ways: physical contact, spark dischérge, and glow-to-arc transition.

Accidental physical contact, such as a dropped screwdriver shorting two bus
bars, is the most common method of initiating an arcing fault in a low-voltage system.
The spark discharge may initiate an arc when a large voltage potential breaks down the
air between two electrodes. Normally, the voltage potentials associated with low

voltage systems are incapable of spark-discharge initiation; however, arcs may develop
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from a spark when arc tracking occurs across a partially conductive surface, such as
damaged insulation, or when electrodes are loosely touching, such as a wire touching a
grounded circuit. The other possible method is a glow-to-arc transition. As seen from
Figure 3.3. an arc is characterized by a smaller voltage potential and a larger current
flow (>10 A) [58], while a “glow” state is characterized by a relatively high voltage
potential and small current flow (<1 A). A “glow” discharge develops into an arc when
large numbers of electrons are released by the cathode. Certain conditions at the cathode,
such as surface impurities and scratches [59], local hot-spots and deteriorated insulation |

increase the likelihood that an arc will develop.
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Figure 3.3 Steady state voltage-current characteristics of discharge

Accbrding to [54, 56, 58, 60-62], starting with a uniform distribution of ions when the
current and voltage are zero, the increase in voltage will cause spacé charge sheaths tb
form next to the electrodes. Three regiéns between the electrodes will be formed
through which the discharge current passes. These are (1) the cathode fall space (2) the
plasma, and (3) the anode fall space (Figure 3.4). The total voltage drop across the

discharge is the sum of the drops across the three regions. In the low intensity arc the
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drop across the anode and the cathode are generally equal and the drop across the
plasma is the largest of the three and accounts for the major portion of the arc voltage.
The current densities in this sheath are very small and in order to ‘restrike’ the arc, the
space charge sheath must be broken down. If there are no lonizing agents, the -
breakdown must be ionization by collision; it will therefore require a minimum of
several hundred volts. Under the action of the electric field strength, electrons are
emitted from the cathode spot. These collide with neutral molecules, thereby ionizing
them electrically. The arc column is an electrically neutral mixture of ions and electrons
and the mobility of electrons is higher than ions so they carry most of the arc current
and the heat generated in this proceés developed at the anode (electron heating). The
ions in the arc column move under the effect of the field strength towards both
electrodes and heat them by impact to high temperature. The negative electrons hit the
anode, and the positive ions hit the cathode. In this way new electrons are liberated
within the arc column and at the electrodes; the process starfs again.
From Figure 3.4 the following part of the arc may be identified:

e Cathode spot - part of the negative electrode where electrons are generated,

e Cathode drop zone - gas region next to the cathode in which a sharp potential

drop occurs (electrons accelerated),

 Arc column - bright visible portion of the arc, high temperature (plasma),

e Anode drop zone - gas next to the anode where a further potential drop occurs,

e Anode spot -posiﬁon where electrons are absorbed.

According to [63] the dynamic characteristics of arcs may be represented as in

Figure 3.5
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3.3 Physical processes in the HIF arc

Arcing associated with the HIFs results in energy dissipation, in the form of heat, which
turns the moisture in the soil into steam and burns the grass into smoke. In the arcing
phenomenon associated with downed power lines, due to the existence of air between
ground and conductor, the high potenfial difference in such a short distance excites the
appearance of the arc (it resembles anode-cathode phenomenon). This normally occurs
in a largely resistive circuit and is characterized by a short arc length, small current
magnitude and could persist for a long period of time [64]. The arc which penetrates the
soil has typical temperature values at the arcing spot in the order of 5000 to 8000°C in
the gas column, 3000 to 4000°C for carbon electrodes and 2000 to 3000°C for metallic
electrodes [65]. The heat generated from the arc is sufficient to melt the sand and silica
in the soil into a glass-like substance as seen in Figure 3.6, silicon carbide tubes (carbide
is a compound of carbon with a less electronegative element). These glass-like tubes
reach a length of S5cm and they were found to have a linear resistance of the order in 2 to

100 kQ/ m [50].
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Figure 3.6 Molten material due to arcing creates a tube-like formation
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Figure 3.7 Physical characteristics of arc environment vs. time

According to references [50, 56, 58, 60, 63] when an energized conc_luctor
touches the grdund no arcing will take place immediately (Figure 3.7 (a)), but aﬁer a
few seconds the temperature of the soil surrounding the electrode will rise. Due to the
rise of temperature a steam will develop and cause a local increase in spacing between
the soil particles and the arc is triggered. In time the arc voltage increases as the arc
starts to penetrate in the soil.

When the arc is triggered, Figure 3.7(b) the arc penetration of the soil will‘
significantly change the local electric field distribution, causing a field of enhancement
at the tip of the arc. High field gradient, thermionic emission and the fact that the
conductive layer of soil move away from the electrode causes the arc to expand and
penetrate further into the soil (Figure 3.7(c)). The area surrounding the arc will turn to

glowing hot silica that acts like a cathodic spot which emits electrons causing a smaller




voltage drop when the conductor (high voltage electrode) is positive. As the arc extends

‘ further into the soil two factors are changing:

1. Due to the soaring heat the soil surrounding the arcing area becomes dry;

2. The balance between the transferred heat to the eﬁvironment and the rate of
generation of the heat of arcing is disturbed. These result in the arc being
extinguished, Figure 3.7(d). From this stage two situations are possible:

A. The arc will be reignitedv when humidity penetrates back into the dry soil and
once the front boundary of the moist (conductive) layer is close enough to the high
voltage electrode. The arc however, will be re-triggered on a different path than
the previous one. The preliminary arcing path is now a solidly vitrified form of
fulgurites tubes.

B. If the energized conductor that touches the ground has multiple points of contact
with the soil, then another point which was before inactive may start arcing if the
local field has increased due to changes in the potential distribution.

The arcing faults voltage-current characteristic gnd the behaviour of the fault
current signal will be a result of a complex interaction of:

¢ soil material itself.

e particle movement in the soil.

e moisture content in the soil.

e generation of smoke and steam.

e development of silicon carbide tubes.

¢ nonlinearity of the arc and soil-conductor interface [64].
e bounce of the conductor on the ground surface.

¢ heat capacity of the conductor, arc gas and earth.
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As for the fault current behaviour, it has been observed that the positive half-
cycles of the current may be greater in magnitude than the negative half—qycles, or vice
versa, and the fault current magnitude may vary greatly from one cycle to the other as'.
seen in Figure 3.8 [50].

The asymmetry of the fault current in some cases could be a result of the
rectifying action by the soil. The glass-like tubes surrounding tile conductor act as hot
cathodic spots that emit electrons. The voltage drop across the cathode spots is small
when the conductor is positive. The arc voltage in the negative half-cycle is thus larger
than that during the positive half-cycle. Consequently, the current conduction period,
and hen;:e its magnitude, are smaller in the negative half-cycle. The amount of moisture
in the soil and the packing of its particles affect the values of the arc voltage in each
half-cycle. Drier soil yields higher difference in arc voltages and, therefore, a larger
degree of asymmetry than wet soil; harmonics are generated on account of this
asymmetry [50, 65]. The varying current magnitude could be explained as a result of
arcing at the fault, which rearranges the characteristics of the air gaps surrounding the
downed conductor as well as accumulation of silicon carbide tubes around the
conductor.

In a field test reported in reference [50], measured values of current harmonics at
a staged high impedance ground fault are presented and the measured low frequency
spectrum is compared with current harmonics recorded continuously for one week at the
substation. It has been confirmed that faults with currents above 1A have a stable arc
with nearly constant rms value for long periods of time, whereas arc currents lower than
1A are characterized by shorter periods of stable arc cﬁrrent and by random initiation
and quenching of the arc. Based on the laboratory measurements conducted‘by the

authors in [50], Figure 3.8 shows oscillograms of currents and voltages which 1llustrate




and validate the characteristics for large as well as small fault currents. In Figure 3.9 the

asymmetry is also noticeable in the V-7 curve of the arc as well as in the arc voltage.

i i
¢
O SR P ' PPN FUUE PN

Figure 3.8 Oscillograms of laboratory arc currents; (a) large arc current (b) small arc current [50]
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Figure 3.9 V-I characteristic of arc; (a) laboratory oscillogram; (b) theoretical description [50]

3.4 Harmonic analysis of practical data from KEPCO [53]
and Emanuel et al [50]

To assist in developing a model for HIFs, many attempts have been made to
obtain practical HIF data from different power companies but unfortunately no
company was willing to supply the necessary data. It was therefore decided to use the
published results already reported in Figures 3.1 [53] and 3.8 [50]. The approach used
involved tracing and digitising the relevant curves and then finding the harmonic
content of the extracted waveforms. Using printed curves is unlikely to yield accurate
results but should at least provide some level of confidence in the proposed model.

Figure 3.10 represents the extracted data from Figure 3.1 as reported by Korea
Electric Power Corporation (KEPCO). The two current signals in Figure 3.10 are
separated, plotted and harmonically analyzed. The results of the harmonics analysis are

th

shown in Figure 3.11. Figure 3.11A represents the 20" cycle after HIF, while the

: - . . v -d |
harmonics are shown in Figure 3.11B. The harmonic analysis reveals that the 3™ and 5"

40




harmonics have a magnitude of 14% and 5%, respectively, taken as a percentage of the
fundamental current.

The second current signal, which represents the 40™ cycle after HIF, is shown in
Figure 3.11C. The harmonic analysis of this current as shown in Figure 3.11D, gives the
3 harmonic as 16% and the 5" harmonic as 5% with respect to the fundamental current.

The reason that the 3™ and the 5™ harmonics of Figures 3.11B & D are slightly
different in magnitude (with respect to fundamental current) is likely to be related to the
intensity of the arc or the surface conditions, or some other factors mentioned in Section

3.5,

100

18

Current in Amp.

Time in (ms)

—=— 20th cycle after HIF —e—40th cycle after HIF

Figure 3.10 HIF extracted data from Figure 3.1 which represents real data collected by KEPCO
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Figure 3.11 Time and frequency plots for both signals shown in Figure 3.10

Similarly, Figure 3.12 represents the extracted arcing HIF current waveform
from Figures 3.8a and b [50].

Figure 3.12A is the time plot of the small arc current extracted from Figure
3.8(b), and its harmonic analysis is shown in Figure 3.12B. The harmonic analysis
shows that the small arc current signal contains the 3" harmonic of 36% and the g
harmonic of 12% with respect to the fundamental current.

For the large arc current (Figure 3.8a), the time plot of the extracted waveform is
shown in Figure 3.12C and its harmonic analysis in Figure 3.12D. It is found that the
large arc current signal contains the 3" and the 5" harmonic with magnitude of 53% and
15%, respectively.

It should be noted that the plots in Figure 3.8 are not real data collected from the field

but a result of an experiment data conducted in a lab controlled environment.

42




A - Small arc current

02 T
| T
< ®
I e R 1 3
s : N ' f H H i H c i 1 :
a 0 { ' 1o ! A i & 002 : 1 ; i i : {
A F i\ S - 1 bih Hamonc
g i [ I SRR IR ETSIN . (SRIORH| RS ey SRR ' } \ [ V H '
C N oo ‘ ****** e
02 i i i | =" i o il i I { ] i
0 0002 0004 0006 OPOB 001 0012 0014 0016 1] 50 100 150 200 250 300 350
Time in sec Frequency
C - Large arc current D
5 , 25 fmmm g n g
}4—'—:1 st Ham;omc
2 R O~ e Y ¢ e
z % 15 Ao 3dHemome L
g s s B
: 5 R - '
a ® 1 S e L SR R e S R R ek
= :‘ &th Harmjonic
S SR R S )u --------
Y S T I N . A sl gl ¢ 1 |
0 0002 D004 0006 DOOB 001 0012 0014 0016 0 50 100 150 200 250 300 350
Time in sec Frequency

Figure 3.12 Time and frequency plots for both signal shown in Figures 3.8 a & b

In conclusion, the analysis of the extracted current waveforms of both signals
reveals that the arcing HIF current contains both the 3" and the 5" harmonics. In the
KEPCO extracted data, the 3™ and the 5" harmonic in both cases did not exceed 16%
and 6 %, respectively, of the fundamental current. Regarding the data from Emanuel et
al [50], the results from their controlled experiment show that the 3 and the 5"
harmonics for both cases do not go above 53% and 15%, respectively, of the
fundamental current.

The magnitude of the 3" and 5" harmonics depends on many factors including
the intensity of the arc and the material and condition of the surface where the arc took
place.

Since the KEPCO experiment is based on real data, rather than data collected
from a lab controlled environment, then to validate any HIF model the KEPCO results

should be considered as more reliable and thus of particular importance.
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3.5 A new model of an arcing HIF

Many authors have worked on the theory and dynamics of voltages and currents
in an electric arc based on laboratory studies. References [66, 67] propose a model
explaining this phenomenon using a spark gap: the air gap will not conduct until the
applied voltage reaches the breakdown point. Then the current flows and reaches a
maximum when the applied voltage equals the arc voltage. After that, the arc current
decreases and becomes zero, 1.e. the arc is extinguished. When extinction occurs, the arc
requires a potential known as restrike voltage to re-ignite. This re-ignition will have an
opposite polarity. This procedure explains the typical voltage—current waveform of an
arc shown in Figure 3.13. Electric models have been proposed describing arc behavior,

and they have been recently collected and published in [68, 69].

Voltage
Current

M "
0O00 0.00417 0.00833 0.01250 0.01667 0.02/
Time in Seconds

Figure 3.13 Electric arc voltage and current shapes
The high impedance fault model proposed by this chapter i1s shown in Figure
3.14. The values of Vp, Vi, Rp, Ra, Lp, and Ln are chosen after several Matlab simulation
to match the harmonic content of the extracted signal from KEPCO collected data in
section 3.4. The model includes two DC sources, V,=3000 V and V,=3000 V, which
represent the arcing voltage of air in soil and/or between trees and the distribution line
and the values of the DC voltage sources chosen according to many experimental

simulation conducted by this research and experimental findings in [50]. Two
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resistances R, =104Q and R, =104Q between the diodes which represent the resistance
of trees and/or the earth resistance. The values of the resistors have been chosen
according to the resistance of the glass-like substance mentioned in Chapter 3.3. Since
most observed arcs occur in highly inductive circuits and due to the inductance of the
discharge in the spark gap [64, 70] two inductances, L, =0.04H and L, =0.04H were
added to the circuit and their values been chosen according to extensive simulation to
give us the desired current effect. The effect of the inductances leads to the nonlinearity
loop shape in the V-I curve and the desired asymmetrical shape for the HIF current.
When the line voltage is greater than the positive DC voltage V), the fault current starts
flowing towards the ground. The fault current reverses backward from the ground when
the line voltage is less than the negative DC voltage V,. In the case when the line
voltage is in between V), and V,, the line voltage is counter-balanced by V), or V, so that
no fault current flows. Typical fault current and V-7 curves are shown in Figures 3.15

and 3.16.

En, Ln Rp. Lp

54
i

|

do 4,
il

Figure 3.14 Two diode fault model for HIF with Rn, Rp, Ln, Lp
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Figure 3.15 A typical current curve for HIF based on the model of Figure 3.14
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Figure 3.16 A typical voltage-current characteristic of HIF
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Figure 3.17 Harmonic content of the HIF model

The HIF harmonic content produced by the proposed model is shown in Figure
3.17. The 3rd and the 5" harmonics are 13.8% and 5.8%, respectively, with respect to
the fundamental current. Comparing the results of KEPCO extracted data from Section
3.4 with the results from the HIF model above shows an encouragingly good match,
especially in the harmonic content. In other words, the proposed model is capable of
reproducing the experimental results reported earlier. It is also important that the
adjustable parameters of the model allow variation of the resultant HIF characteristics.
To demonstrate this, a sensitivity analysis has been undertaken and is reported in the

next section.
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3.6 The sensitivity of the results to the values of R, V, L
chosen in the HIF model

3.6.1 The effect of varying the resistances (Rp, Rn)

In Figure 3.18 the value of Rp and Rn are changed from 90Q to 150Q with a 20Q
increment while Vp=Vn= 3500V and Lp=Ln= 0.04H. As may be seen, the higher the
values of Rp and Rn the lower the current. Clearly the resistances in the model control
the flow of the current. Furthermore, the current harmonics when Rp=Rn= 90 are
shown in Figure 3.19. The value of the 3™ harmonic is 13.5% of the fundamental

™ harmonic is 5.6% (for the purpose of clarity the first harmonic will

current while the 5
be shown only in Figure 3.19, for the rest of the report only the 3" and the 5" harmonic
will be shown). When Rp=Rn= 1500, the 3" and the 5™ harmonics are 11.8% and 5.1%,
respectively, as shown in Figure 3.20. As a result of this analysis, it may be concluded

that the values of Rp and Rn mainly control the flow of the current through the model

whereas it have relatively small effect on the harmonics produced by the model.
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Figure 3.18 The effect of Rp and Rn on the value of the HIF current
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Figure 3.19 The magnitude of the harmonics when Rp=Rn = 90 Q

FFT wrdow 1 of

cycles of selecwd sigral

“J.V‘v -+ —— ey S e ————
_—HF curree
P
504 4
-3 |
4
&
i 0 .
:
S0+ 1
g —— & e ¢ SR I SR S (SN
002 oCx o4 00X 008 0a3 0032 00 e 003 O
Tire (1)
Fundimental @0z = GO B  THD= 12 9%
J' e Y o sy — - N —
18 + -
Ird Marmor:
1o 4
5 14 4
8
£ 12+ 4
-4 SIN MmO
Z 10 1
g Rh A 4
4} 4
4
( = . ._.
3 4 5 b 7
Marmmarsc orier

Figure 3.20 The magnitude of the harmonics when Rp=Rn = 150 Q
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3.6.2 The effect of varying the Voltages (Vp, Vn)

Figure 3.21 shows the effect of the values of Vp and Vn on the current flowing
through the model. The values of Vp and Vn are changed with an increment of 1000V
and for this test Rp=Rn=104 Q and Lp=Ln=0.04H (the values were assumed here to
provide best match for the KEPCO case, section 3.4). As may be seen the higher the
values of Vp and Vn the less current flows through the model. The effect of Vp and Vn
on the harmonics is shown in Figures 3.22 and 3.23. When Vp=Vn=2000V the 3™ and
5™ harmonics are 7% and 4% respectively. However, when Vp=Vn=5000V, the 3"
harmonic is 19% while the 5" harmonic is 5%. The analysis shows that the values of Vp

and Vn influence both the amount of current and the harmonics produced by the model.
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Figure 3.21 The effect of Vp andVn on the value of the HIF current
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Figure 3.22 The magnitude of the harmonics when Vp=Vn = 2000V
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3.6.3 The effect of varying the inductances (Lp, Ln)

Figure 3.24 shows the effect of increasing the values of Lp and Ln. Increasing
the values of Lp and Ln has a shifting affect on the current due to the increasing
inductance. In order to see the effect of the increasing inductance on the harmonic
content of the current, the current in Figure 3.24 is analyzed for the highest and lowest
values of Lp and Ln. Figures 3.25 and 3.26 show this harmonic content and in both
cases the 3" and the 5" harmonics are about 11.8% and 5%, respectively. Therefore the
changing in the values of Lp and Ln has no effect on the harmonic content of the current
and has almost no effect on the amount of current passing through the model but it has a

direct effect on the V-I curve as shown in Figure 3.16.
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Figure 3.24 The effect of Lp&Ln on the value of the HIF current
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Figure 3.25 The magnitude of the harmonics when Lp=Ln = 0.01H
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In conclusion, varying the value of Vp and Vn has the greatest effect on the
amount of current passing through the model and on the percentage of harmonics
produced by the model (this is due to the intensity of the arc). The higher the Vp and Va
the higher the harmonics but less current will pass through the model. Varying the
values of Rpand Ra has a direct effect on the current. However, no direct relation was
found between the harmonic content and the values of Rp and Ra. As for changing the
values of Lp and Ln, there was no effect on the harmonic content or the amount of
current passing through the model, but there was a noticeable shift in the current signal

and thus the values of Lp and La have a direct effect on the V-I curve characteristics

shown in Figure 3.16.




3.7 The harmonic content of HIF model

This section shows the hannc;nic content of the HIF model and its current curve,
after decomposing the line current into its spectral content and studying its harmonic
content. Harmonic analysis involves the use of Matlab to identify the harmonics and
their magnitudes with respect to the fundamental frequency. In the HIF model test the
lower harmonics are analyzed, starting from the 1% to the 7" , and changes are
monitored that happen in that range under different system conditions, including any
angle shift for the 3 harmonic. By observing the current signal a method is developed
to try discriminating against normal and abnormal behaviour in distribution feeders by
analyzing the harmonic content of such events. The most common cases performed on a
distribution line are:

A. Normal load switching. ( switched on at 0.035s)

B. Normal load and capacitor switching. (switched on at 0.025s- 0.035s)

C. High impedance fault. (switched on at 0.03s)

D. High impedance fault with load switching. (switched on at 0.03s— 0.025s)

E. High impedance fault with load and capacitor switching. (switched on at 0.03s —
0.025s — 0.035s)

All of these cases have been monitored over a period of three cycles_ (a cycle
before the event, a cycle during the event, and a cycle after the event). The detailed

analysis follows.
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3.7.1 Normal load switching

In the normal load switching, during the cycle before switching on the load,
there are no harmonics on the line except for the fundamental current (Figure 3.27A).
During the cycle in which the load is switched on there is a noticeable change in the
magnitudes of the 2™ to the 7™ harmonics as seen in F igure 3.27B and an increase in the
line current at the moment of switching as seen in Figure 3.27D. In the cycle after the

event has happened the only harmonic there is the fundamental current (Figure 3.27C).
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3.7.2 Normal load and capacitor switching

In this numerical experiment, before switching on the load and the capacitor, the
current signal is normal and there are no harmonics with only the fundamental current
present as seen in Figure 3.28A. After switching on the load, and 0.01s later switching
on the capacitor, there are many harmonics within the current signal due to the
switching as seen in Figure 3.28B. The increase of the line current and the transient due
to capacitor switching are shown in Figure 3.28D , but a cycle later the signal is clear of

any distortion except for the fundamental current, as shown in Figure 3.28C.
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Figure 3.28D Voltage and current for load and capacitor switching
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303 High impedance fault

In the case of a high impedance fault, during the cycle before the fault, there are
no harmonics in the line except for the fundamental current (Figure 3.29A). For the
period of the cycle in which the fault exists there is a noticeable change in the
magnitudes of the 2™ to the 7™ harmonics as shown in Figure 3.29B. In the third cycle
after the event has happened, the existence of the odd harmonics and the asymmetrical
shape in the fundamental current can be noted as shown in Figures 3.29C and D.
Moreover, a phase shift for the 3" and 5™ harmonics current with respect to the
fundamental current has also been observed and is shown in Figures 3.29E and F.
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FFT window: 1 of 5 cycles of selected signal
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3.7.4 High impedance fault with load switching

In the case of switching the high impedance fault together with the load, during
the cycle before switching on the load and HIF, there are no harmonics as shown in
Figure 3.30A. During the cycle when the load is switched on and the fault happens
0.005s later, there is a noticeable change in the magnitudes of the 2" to the 7™
harmonics as seen in Figure 3.30B. Moreover, an increase in the line current is observed
and the HIF’s asymmetrical curve is detected as seen in Figure 3.30D. In the third cycle
after the event has happened the existence of the odd harmonics is noticed as shown in
Figure 3.30C and the existence of the asymmetry in the fundamental current as shown
in Figure 3.30.C and D. It has been observed that a phase shifts for the 3" and the 5"
harmonics of the current with, respect to fundamental current, have occurred as shown

in Figures 3.30E and F.
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3.7.5  High impedance fault with load and capacitor switching

In the case of simultaneous switching on the high impedance fault with a load
and a capacitor, during the cycle before the switching, there are no harmonics except for
the fundamental current as shown in Figure 3.31A. During the cycle when the load is
switched on, with a high impedance fault switched 0.005s after the load, and the
capacitor switched on 0.005s after HIF (see Figure 3.31D), there is a noticeable change
in the magnitudes of the 2" to the 7" harmonics as seen in Figure 3.31B due to the
transient of the capacitor and the increase in the line current due to the increase in the
load as seen in Figure 3.31D. In the cycle after the event has happened it can be noticed
the existence of the odd harmonics, and the existence of the asymmetry in the
fundamental current as seen in Figures 3.31C and 3.31D. It has also been observed that
phase shifts for the 3 and the 5" harmonics with respect to fundamental current take
place as shown in Figure 3.31E and F.
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Figure 3.31F 5th harmonic magnitude and angle for impedance fault with load and capacitor
switching

The conclusion from the cases reported above is that the most distinctive
properties of the high impedance fault are the current asymmetry, the increase in the
odd harmonics (Figures 3.29C, 3.30C, 3.31C), and the shift in the phase angle for the 3™

and 5™ harmonics with respect to the fundamental current (Figures 3.29E and F, 3.30E

and F, 3.31E and F).
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3.8 Conclusion

The aim of this chapter was to develop a model that fepresents ;;nd predicts all
important HIF characteristics including nonlinearity, asymmetry, harmonic content and
phase shift of the 3 and 5™ harmonic. The physical processes occﬁrring in an arc result
in a unique ‘signafure. Practical data is extracted from HIF collected and experimental
data curves and used to validate the proposéd model. Accordingly, a new modél for a
HIF has been proposed and tested,. containing active as well as passive -elements
(voltage sourcés, diodes, resistances and inductances), giving a very satisfactory
representation of the arc characteristics. The new model preserves the unique shape of
the HIF voltage and current, and it also has the hdrnionics content, as well as the angle

~ shift of the 3™ and 5™ harmonics, consvistent‘ with experiméntally observed behaviour.
Thus th¢ proposed model can be considered an appropriate and physically well justified
repfesentation of HIF characteristics and can be hamessed to generate various data

necessary for developing more reliable HIF detecting algorithms.
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Chapter 4

A Brief I'n_troduction to GA Concepts

4.1 History

Genetic algorithms (GAs) are inspired by Darwin's theory of evolution. The
sdlution toa problgm solved by genetic algorithms uses an evolutionary processBThe
idea behind GAs is to extract optimization strategies used successfully in the th‘eor‘y
known as Darwinian Evolution, and transform them for application in mathematical
optimization théory.to find the global optimum in a defined search space.

Evolutionary computing was introduced in the 1960s by 1. Rechenberg in his
work "Evolution strategies". His idea was then devéloped by other researchers.. Genetic
Algorithms (GAs) were invented by john Holland and developed by him, his students
and colleagues. This led to Holland's book "Adoption in Natural ahd Artificial Systems”
publisﬁed in 1975 [71]. John Holland was the pioneering fouﬁder of much of today's
work in genetic algorithms, which has moved on from a pufely theoretical subject
(though based on computer _modelling) to provide methods which can be u.sed_to

actually solve some difficult practical problems.
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Figure 4.1 Classes of Search Techniques [72]
4.2 The Genetic Algorithms

Genetic Algorithms are adaptive search procedures for optimization and
learning. As such they represent an intelligent exploitation of a random search used to
solve optimization problems. They use an evolutionary metaphor to evolve populations
of potential solutions in parallel. Genetic algorithms are well suited for solving adaptive
problems because they have the capacity to evolve and adjust to changing
environments. An obvious application of genetic algorithms is biological simulation.
For example, competing evolutionary models can be explored and compared.
Optimization problems, particularly those with large-dimensional search-spaces, are

another common application since genetic algorithms are efficient at reducing error.
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The concepts of the algorithms are based on natural selecﬁon and natural
population genetics. They involve survival of the fittest among string structures. In
~every generation, a new set of strings are generated using bits énd pieces of the fittest
previous strings. They efﬁcientiy exploit histdrical information to speculate on neW'
search points with expected improved performance [73]. GAs are different from other
conventional optimization techniques. in many ways. They use the objective functién
itself and not the gradient, they search from a population of strings not single a point
and they work wiih a coding of the parameter set, not with the parameters themselves.
With these reasons, and others, GAs are considered as an attractive altemétive
optimization technique.

GA 1is a simple algorithm, starts with random generation of a population. A |
population cdnsists of a set of sfrings. Usually, tﬁe string size ranges between 50-1000.
The population may be of any size according to the accuracy required. Thé population
size remains constant throughout the whole process. Each string in GAs may be divided
into a number of sub-strings. The number of sub-strings usually equals to the humber of
- the problem variables. The problem variables are coded using suitable coding systerﬁs. :
In this study real coding systems were used. In addition to coding and fitness -
evaluation, the simple GA is composed of another three basic(operations; Reproduction,
Crossover and Mutation. Each string of the old population goes' through these three
steps before a new population is generated. In the fraditional GA, all the variables of
interest mus.t first be encoded as binary digits (ge'nes)‘ forming a string (chromosome).

To minimize a function f(x,,x,,....... ,X;, Jusing GA, each x; is coded as a binary or

floating-point string of length m where:
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x, = [10001...01001]
x, =[00101..11110]

x, =[11110..01011]
where {x;,x,,.....,x, } is called a chromosome and xare genes.

Then three standard genetic operations, i.e., reproduction, crossover, and
mutation are performed to produce a new generation [73-75]. Such procedures are
repeated until the pre-specified number of generations is reached, or the required

accuracy is achieved.

4.3 Characteristics of genetic algorithms

The formal structure of a GA has three components: the environment and its

elements (search space), a selection based on a measurement of performance (fitness of

. the solution) and an adaptive plan (evolutionary operators). An initial population

(possible solutions) of random individuals is usually generated. In the course of the
évolutionary process, this population is evaluated: each individual is given a score
reflecting its ability to adapt to a particular environment. In each generation an
evolutionary behaviour is observed through two basic characteristics: competition and

cooperation, where the principles of selection and reproduction are applied.
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4.3.1

Outline of the Basic Genetic Algorithm

{Start} Generate random population of » chromosomes (suitable solutions for
the problem)
{Fitness} Evaluate the fitness f(x) of each chromosome x in the population
{New population} Create a new population by repeating the following steps
until the new population is complete
1. {Selection} Select two parent chromosomes from a population according
to their ﬁtness (the better fitness, the bigger chance to be selected)
2. {Crossover} With a crossover probability cross over the parents to form
a new offspring (children). If no crossover was performed, offspring is
an exact copy of parents. |
3. {Mutation} With a mutation probability mutate new offspring at each
locus (position in chrotnosome). - |
4. {Accepting} Place new offspring in a new population
{Replace} Use new generated population for a further run of algorithm
{Test} If the end condition is satisfied, stop, and return the best solution in
current population

{Loop} Go to step 2
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4.3.2 Fitness Function

The Fitness Functidn (FF) is one of the key elements of GAs as it determines
~whether a given potential solution will contribute its elements to future generations
throﬁgh the reproduction process. The FF should be able to provide a good measure of
the quality of the solutidn and’ should differentiate between the performance of different
strings. In this thesis two fitness functions (FF) are used. The first (FF1) is the ‘averagé
root error square’ fitness function which is set to minimize the maximum individual
error. The second fitness function (FF2) is set to minimize the ‘maximum individual
absolute error’. The evaluation function is the 'fun'cﬁon responsible for the determination

of the fitness of each individual.

433 Selectioﬁ

The selection, or competition, is‘a stochastic process in which the chance of an
individual surviving is proportional to its adaptation level: The adaptation is measured
by the phenotype evolution, that is, the characteristics presented by an individual in the
problem environfnent. The GA, through selection, determines which individuals will go
to the reproduction phase. In the literature there are several selection methods where the
fittest individuals from each geheration are preferentially chosen for reproduction [73].
The mechanisms that give an adaptive behavior to the GAs are the selective pr_essuré
‘and genetic jnhéritance. The selection imposes i)ressure on the population; promoting
the best individuals’ survival that, subsequently, produce the potentiai Best offspring,
converging to an optimal or appro*imately optimal solution. This evolution oc’mllrs by
meéns of the reproduction and manipulation of the initial population, observing
equilibrium between stability and adaptability, social organization and between

cooperation and competition. The selection process causes an increase in the adaptation
: \




of the population of chromosomes, so only the individuals with the best fitness values
will be selected. This will guide the search for the chromosomes using fitness vaiue
above the average. The mombers maintained by selection can go through changes in
their fundamental characteristics throﬁgh the genetic operators of mutation and
Crossover, generatihg offspring for the next generation. This process is known as

reproduction, and is repeated until a satisfactory solution set is found.

4.3.4 Crossover

Crossover is a genetic step in which the members of the population obtained after
the reproduction process are randomly mated according to pre-specified probability.
Each pair mutually interchanges a portion of bits. The position at which the interchange
starts is selected randomly. In this way, new strings are generated to form the new
population. Crossover can occur at a singl.e position or at a number of different positions

[73].

4.3.5 Mutation

After crossover, the population passes through another genetic process called
mutation. In this process, randomly selected bits of fandomly selected strings are
changed from 0 to 1 and vice versa. This process occurs aocording to pre-speoiﬁed
probability; usually less than 5% of bits are changed in this process. The mutation

process is used to escape from probable local optimum [73].
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4.4 Real coded Genetic Algorithins

GAs are inspired by the ‘study of genetics [73, 76, 77]. They are conceptually
based on natural evolution mechanisms 'Working on populations of solutions. An
interesting feature of GAs is that they.do not require any prior knowledge of the
solution and they tend té exhibit reliable performance on thé .majority of the problems
[77]. | |

Initially, GAé were designed to opefate using binary representations of the
. problem parameters (or unknowns). In recent studies hbwe?er, the superiority of higher
cardinality alphabet GAs (floating point or integer) has been demonstrated wivth respect
to their applic_ations to various problems. A Brief description of a real-coded GA is
given next.

Ina real-c.odevd genetic algorithm (RCGA), all decision variables (unknowns) are
expressed as real numbers. Explicit conversion to binary .does not take place. A

reduction of computational effort is an obvious advantage of a real-coded GA. Another
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advantage is that ah absolute precision is now attainable by making it possible to
overcome the crucial decision of how many bits are needed to represent potential
solutions.

As in a conventional GA, an initial population of chromosomes (potential
solutions) is randomly cfeated. The best size of this population is subject to
experimentation with the problem at hand. Having created a population of
chromosomes, it is possibfe to assess the performance, or fitness, of individual members
of a population. This is done through an objective function that characterizes an
individual’s performance in the problem domain. Then a fnethod known as ranking
[78] is used to rank individuals according to- their objective values. Based on that
ranking (i.e. fitness) of each chro@osome in the initial population, a selection scheme is
carried out to pick the best individuals as members of the new generation.

The selection scheme used is known as Stochastic Universal Sampling [79].
This scheme probabilistically selects individuals for reproduction according to their
fitness. That is simply implemented by finding the cumulative sum of fitness of each
chromosome in the population and generating equally spaced numbers between 0 and
that sum. Ther¢fore, only one random number is generated, all the ‘others used being
equally spaced from that point. The inde;; of the chromosome selected is determined by
comparing the generated numbers with the cumulative sum. The probability of an

individual being selected is then given by

Fx,) =105 @1

N.

WIEY
where f(x; )is the fitness of individual x,and F(x; ) is the probability of that individual

being selected.
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A discrete recombination method (equivalent to crossover) is employed for
mating individuals and breeding of offsprings. Discrete recombination exchanges

variable values between the individuals. A method known as simple crossover [77, 80]

is implemented. To be specific, let us assume that C, =(c;...c.) and C, =(c}.c? )are

is randomly assigned. The two new chromosomes are made as follows:

1 1 1 2 2
CI,ngw :(CI ’c2"“’ci ,CH_],...Cn) (4.2)

C; ew =(cf,cf,...,cf,c,i,,...ci) 4.3)

Mutation of real-valued population is accom.plished‘with the breeder genetic algorithm
in [81]. Each variable is mutated with a probability, by addition of small random values
(size of the mutation sfep). The mutation step can be reduced as. the algorithm evolves.

The proposed algorithm uses a generation gap and -fitness-based reinsertion to
implement an elitist strategy whereby the most fit individuals always propagate through
to successive generations. For exainple, if G-gap = 90%, then population_size XG-gap
new individuals are produced at each generation. And then population_size x(G-gap -1)
best chromosomes are copied intact from the parent generation to the new generation to
complete the pop{llation size (i.e. fill the gap). According to [73], a better average

fitness is attained with the adoption of elitist strategy.

4.5 GAs versus Traditional Methods

It can be seen that the GA differs substantially from more traditional search and
optimization methods. The four most significant differences are:
* GAs search a population of points in parallel, not a single point.
* GAs do not require deri‘V'ative. information or other auxiliary knowledge; only the

R

objective function and corresponding fitness levels influence the directions of search.
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* GAs use probabilistic transition rules, not deterministic ones.

* GAs work on an encoding of the parameter set rather than the parameter set itself

(except in where real-valued individuals are used).

In cases where a particular problem does not have one individual solution, as is

the case in multiobjective optimization and scheduling problems, then the GA is

potentially useful for identifying these alternative solutions simultaneously.

4.6

To give an idea of the kinds of problems that GAs have been applied to successfully,

Applications

here is an overview of some applications:

Aircraft wing design (optimizing parameters that determine the Shape of a wing)
Optimal pipeline flow (optimizihg, e.g., the flow of oil through a network of |
pipelines to satisfy customer demand) |
Scheduling problems (job-shop scheduling, etc.)

Routing problems (TSP, network routihg)

VLSI technology, chip design (minimizing connections and communications)
Telecommunications networks (optimal location of access points, etc.)

Coding methods for data transmission (optimizing coding methods and their

- parameters)

Robotics (evolution of robot controllers)

Stock market prediction .
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Chapter 5

A  digital technique for online
identification and tracking of power
system harmonics based on Real Coded
‘Genetic Algorithm

Current énd voltage _Waveforms of a distribution or a transmission system are not
pure sinusoids. There are distortions in these waveforms that consist of a combination
of. the fundatﬁental frequency, harmonics and high frequency transients. This chapter
presents an enhanced measurement schéme vfor identiﬁcation and tracking of hafmonics
in powef system. The proposed technique is not limited to stationary waveforms, but
can also estimate harmonics in waveforms with time-varying amplitudes. This chépter
presents a new method based on Real Coded Genetic Algorithm described in Chapter 4.
The algoﬁthm was tested using several practical cases. The effects of fitness functions
as well as the effects of sampling rate and sampling window size (numbevr of cycles)

have been studied. Results are reported and discussed.
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5.1 Introduction

Voltage and current waveforms of a distribution or a transmission system are
distorted and consist of a combination of the. ﬁlnaamentél frequency, harmonics and
high frequency transients. In an ideal electrical power system, energy is supplied at a
constant frequency with specified voltage levels. However, none of these conditions are
fulfilled in practice because voltage and current waveforms are rarely pure sinusoids.
Distortions can be assoc/iated,t for instance, with the operation of nonlinear loads such as
inverters, rectifiers, AC/DC con{/erters and a countless number of power electronic
devices that can add harmonics to the sinusoidal signal. Nowadays, it is well known that
harmonics have adverse effects on the whole power system [20, 82].

Various digital signal processing techniques based on static and dynamic
estimation have been suggested to evaluate power system harmonics. Some examples of
static estimation included the Least-Squared Method (LSM), one of the oldest
techniques used to ﬁne tune state variables. It is basgd on the minimization of the mean
square error between the estimated and the measured values for the vbltage and current
amﬁlitudes and phase angles. For a nonlinear power system model, this technique
results in reasonable parémeter estimation [83]. In the Least Absolute Value estimation
(LAV) technique the errof to be minimized is the absolute error. Discrete Fourier
Transfo@ (DFT) is based on orthogonal functions. According to DFT, the waveform
consists of a fundamental component accompanied by an infinite number of harmonics.
The computational cost of this algorithm/is low, but its performance can be badly
affected by fhe DC compc;nent present in the signal [84]. The Fast Fourier Transform_
(FFT) algorithm is a speed-optimized DFT version. However, the application of the
FFT may lead to irhprecise results especially due to pitfalls such as aIiasing, leakage and

picket fence effect [85, 86]. On the other hand, the Kalman Filter is an example of
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dynamic estimation of the signal and has the ability to identify, analyze and locate the
harmonic content in a non-stationary three phase.signal. Despite yielding accurate
results, prior statistical analysis of the signal is necessar};.

Artificial Intelligence (Al) has also been applied to power system harmonic
evaluation. Expert system algorithms are based on the rule base of human expertise to
diagnose the harmonics caused problems. The goal is to accomplish the analysis with
less experienced engineers [87]. Artificial Neural Networks (‘ANNs)I have been used as
an online digital system to read and update harmonic parameters of electrical signals
[88]. Others have used the wavelet transforms for decomposing electrical cu;rent and
voltage, but the disadvantages of both methods mentioned in Chapter 2 encourages
researcherslto try different methods and tqols especially with the'ayailability of fast
computing. |

Genetic Algorithms (GA) have attracted attention as a robust algorithm for
stoch;clstic search applied to optimization problems and it has been used to solve several
problems in electric power systems with good results. The following work presents a

new method based on Real Coded Genetic Algorithm (RCGA) for the analysis of

harmonic distortion in a power system.




5.2 Harmonic model

A si‘g'nal can be defined as a function that carries information, usﬁally about a
sfate or a procédure of a physical system. However, signals can be represented in
several ways. Mathematically, a periodic and distorted signal can be suitably
represented in terms of its fundamental frequency and harmonic components, exp;essed
as a sum of sinusoidal waveforms referred to as the Fourier seﬁes. Each frequency is an
integer multiple of the fundamental sys,tein frequency. In order to obtain an
approximation of such waves, mathematical models are empldyed.

Consider a voltage Waveform with harmonic components, written as Equation

(5.1) [21, 89]
v(t)=7o+ZVi(t)sin(ia)t)+ZIVi (t)cos(iat) (5.1)
i=1 i= : :

where V;(7)and V;(t) are the amplitudes of the ith harmonic at time # o is the
fundamental angular frequency and N is the number of harmonics present in the voltage
waveform. Assuming that the voltage waveform is sampled at a predefined sampling

rate at equal time intervals Az, one will have a set of m samples, Vv(? Ity )..v(t, ),
obtained for ¢,,t,,..7,, where f;is an arbitrary time reference. One can write the

following discrete syStem of equations in the state space form, as shown in Equation

(5.2)

1

..................................................................................................... 52)
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In the matrix form, Equation (5.2) can be rewritten as:
V=Ff(x)+e (5.3)

where:

V is the voltage sample vector m x 1;
f(x) is the ideal connection vector m x 1;
x is the state vector to be estimated, i. e. the voltage amplitudes;

e is the noise m x 1 vector to be minimized.

Now the problem is to find the optimum values of the state vector x that

minimize the noise vector using GA.
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5.3 Fitness Function

The Fitnes§ Function (FF) is one of the key elements of GAs as it determines
whether a given potential solution will contribute its ¢lements to future generations
through the reproduction process. The FF should be able to provide a good measurevof
the quality of the solution and should differentiate between the pérformances of
different strings. Two different functions are used in this work to e\;aluate the quality of
the solution. Each function will be used and the solution obtained using both of them
will be evaluated.

The evaluation function is the function responsible for the determination of the
fitness of each individual. In the first Fitness.Function (FF.l) the Sum of Square Errors
Fitness Function is used. The objective is to evaluate the estimation error (e). ’I;he coded
parameters are substituted on the right of Equation (5.2) and they are compared to the
measured values in each time step V(t) to calculate the average error (e). We use the
evaluation function as the function of the sum of quadratic errors. In this study the
ﬁtness functioﬁ is set to minimize the maximum individual e.rror. Equation (5.3) can be
written in the form of: |
Vi~F(x)=¢, For i=12...m (5.4)

By squaring the individual errors and adding them together, we will end up.w.ith

the following equation: (5.5)

Since the objective of GAs is to maximize the objective function, it is necessary to map

the error square function ( F,,,, ) into minimization fitness function (FF1)

1
FF]=—— 5.6
+4 (5:6)

sum
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where 4 is a small constant to avoid overflow problems if F,,,, goes to zero.

For the second fitness function (FF2), the fitness function is set to minimize the
maximum individual error. Thus the second fitness function FF2can be write as:

]
FF2 oA (5.7)

where e, is the maximum individual error in each generation.

5.4 Testing and analysis of the algo.rithm

5.4.1 Case study 1

Equations (5.8) and (5.9) represent a transmission line fault situation. In this
case study testing is carried out on waveforms with known Fourier coefficients as seen
in [90]. A single phase to ground fault is used since it is the most common type and the
fault is applied at a voltage peak. With a pre-selected sampling rate and specified
window size, the actual analogue signal is conv.erted to discrete digital samples. A/D
converters are used to generate the measurement vector [V]. The fitness function
propqsed earlier is used to evaluate the RCGA solution. A data window size of one
cycle is used with différent sampling frequen‘cies. Tables 5.1 and 5.2 show the results
obtained using the first fitness function FF1 with different sampling frequencies. It is
very clear from the results that the estimated results for both voltage and current are
very accurate for the first chosen sampling frequency, while further increase of the

sampling frequency gives the same accuracy but at longer calculation times.
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V(t)=0.0388exp(-0.4t)+0.4994cos(wt)+0.3230sin(wt)

+0.0708cos(2wt)+0.0224sin(2wt)+0.0154cos(3wt)

+ 0.0165cos(4wt)+0.0219sin(4wt)+0.01 76cos(5wt)

+0.0119sin(5wt)+0.0120cos(6wt)+0.0289sin(6wt)
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Figure 5.1 Plot of V(?) and /(?) of equations 5.8 and 5.9

Equations (5.8) and (5.9) are plotted in Figure 5.1. As may be clearly seen, the
voltage and current signals are badly corrupted by harmonic noise and an exponentially
decaying transient. Thus a signal of this type could be considered a good test for any
algorithm aimed at harmonics identification, and rather than 'inventing' an artificial
waveform to test the RCGA (which has also been done but is not reported here) it was
felt that taking a practical situation - in this case a single phase to ground fault - would
be more appropriate. Although these test signals do not exhibit HIF characteristics (this
will be explored in Section 5.4.2), they are nevertheless typical in power systems and
thus a well performing algorithm would be expected to provide high levels of accuracy.
This testing should also provide useful information regarding required sampling rates.
Once the RCGA has been demonstrated to work well for typical signals encountered in

power systems (and the signals used here, taken from literature [90], are representative
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of many other similar waveforms tested although not reported), it will be tried on a HIF

signal later in this Chapter.

Table 5.1 Estimated harmonic magnitudes for }(?) using GA with different sampling time FF1

Harmonic | Harmonics
order Magnitudes
of V(t) At=0.001s | %Error | At=0.0005s | %Error | At=0.00001s Y%Error
DC 0.0388 0.0388 0 0.0388 0 0.0388 0
i 0.4994 0.4994 0 0.4994 0 0.4994 0
0.323 0.323 0 0.323 0 0.323 0
o 0.0708 0.0708 0 0.0708 0 0.0708 0
0.0224 0.0224 0 0.0224 0 0.0224 0
3" 0.0154 0.0154 0 0.0154 0 0.0154 0
4" 0.0165 0.0165 0 0.0165 0 0.0165 0
0.0219 0.0219 0 0.0219 0 0.0218 -0.46
55 0.0176 0.0176 0 0.0176 0 0.0176 0
0.0119 0.0119 0 0.0119 0 0.0119 0
6" 0.012 0.012 0 0.012 0 0.012 0
0.0289 0.0289 0 0.0289 0 0.0289 0
7 0.0084 0.0084 0 0.0084 0 0.0084 0
0.0084 0.0084 0 0.0084 0 0.0084 0
% absolute average
error 0 0 0 0.033
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Figure 5.2 Estimated harmonic amplitude for V(z) using GA with different sampling time
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Table 5.2 Estimated harmonic mainitudes for I(1) usini GA with different samiliné time usini FF1
Harmonic | Harmonics

order Magnitudes
of I(t) At=0.001s | %Error | At=0.0005s | %Error | At=0.00001s | %Error
DE 0.0454 0.0454 0 0.0454 0 0.0454 0
1™ 0.4662 0.4662 0 0.4662 0 0.4663 0.022
0.0817 0.0817 0 0.0817 0 0.0816 -0.123
g™ 0.0519 0.0519 0 0.0519 0 0.0519 0
0.0543 0.0543 0 0.0543 0 0.0543 0
¥ 0.0305 0.0305 0 0.0305 0 0.0305 0
4" 0.0218 0.0217 -0.46 0.0219 0.46 0.0218 0
0.0313 0.0313 0 0.0313 0 0.0313 0
g 0.0178 0.0178 0 0.0178 0 0.0178 0
0.0244 0.0244 0 0.0243 -0.41 0.0244 0
6" 0.0159 0.0159 0 0.0159 0 0.0159 0
0.0196 0.0197 0.51 0.0196 0 0.0196 0
i 0.0157 0.0157 0 0.0157 0 0.0157 0
0.0168 0.0168 0 0.0168 0 0.0168 0
% Absolute average
error 0.07 0.06 0.011

Estimated harmonic magnitude using

DC 1st 1st 2nd 2nd 3rd 4rd 4th 5th 5th 6th 6th 7th 7th ‘

Harmonic number of I(t) ‘

| (] Harmonic magnitude ?l(t) m GA At=0.001s |
L LD GA At=0.0005s O GA At=0.00001s J J

Figure 5.3 Estimated harmonic amplitude for I(z) using GA with different sampling time
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In Table 5.3 and 5.4 the second fitness function (FF2) was tested using Case 1 to
see which of the fitness functions gives a better estimation of the value of the voltage
and current. FF2 was tested using different sampling frequencies and the results show
that the values obtained from FF1 have much smaller average error than FF2, and thus a

conclusion is that FF1 is a better fitness function in terms of accuracy.

Table 5.3 Estimated harmonic magnitudes for V(7) using GA with different sampling time using
FF2

Harmonic | Harmonics
order Magnitudes

of V(t) At=0.001s %Error | At=0.0005s %Error | At=0.00001s %Error

DC 0.0388 0.0387 0.26 0.0389 0.26 0.0387 0.26

g 0.4994 0.4995 0.02 0.4992 0.04 0.4993 0.02

0.323 0.3231 0.03 0.3224 0.19 0.3234 0.12

2 0.0708 0.0707 0.14 0.0706 0.28 0.0712 0.56

0.0224 0.0225 0.45 0.0229 2.23 0.0227 1.34

i 0.0154 0.0154 0.00 0.0155 0.65 0.0156 130

4" 0.0165 0.0166 0.61 0.0164 0.61 0.0166 0.61

0.0219 0.022 0.46 0.0211 3.65 0.0216 1.37

5" 0.0176 0.0176 0.00 0.0173 1.70 0.0174 1.14

0.0119 0.0118 0.84 0.0121 1.68 0.0119 0.00

6" 0.012 0.0121 0.83 0.0122 1.67 0.0118 1.67

0.0289 0.0288 0.35 0.0289 0.00 0.0292 1.04

7" 0.0084 0.0083 1.19 0.0086 2.38 0.0087 3.57

0.0084 0.0083 1.19 0.0082 2.38 0.0083 1.19

% Absolute average
error 0.45 1.27 1.01
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Table 5.4 Estimated harmonic mainitudes for I(1) usinE GA with different samilini time usini FF2
Harmonic | Harmonics

order Magnitudes
of I(t) At=0.001s | %Error | At=0.0005s | %Error | At=0.00001s | %Error
DC 0.0454 0.0454 0.00 0.0453 0.22 0.0455 0.22
1" 0.4662 0.4699 0.79 0.4664 0.04 0.4663 0.02
0.0817 0.0822 0.61 0.0818 0.12 0.0818 0.12
ol 0.0519 0.0529 1.93 0.0515 D77 0.052 0.19
0.0543 0.059 8.66 0.0539 0.74 0.0545 0.37
i 0.0305 0.0237 22.30 0.0312 2.30 0.0305 0.00
4" 0.0218 0.0221 1.38 0.0213 2.29 0.0217 0.46
0.0313 0.0301 3.83 0.0317 1.28 0.0315 0.64
il 0.0178 0.0153 14.04 0.0177 0.56 0.0178 0.00
0.0244 0.0247 1.23 0.0234 4.10 0.0245 0.41
6" 0.0159 0.0158 0.63 0.0164 3.14 0.0158 0.63
0.0196 0.0148 24.49 0.0202 3.06 0.0196 0.00
T 0.0157 0.02 27.39 0.0154 1.91 0.0156 0.64
0.0168 0.0171 1.79 0.0167 0.60 0.0168 0.00
% Absolute average
error 7.79 1.51 0.26

54.1.1 RCGA approach compared with the binary
approach

The binary representation in a genetic algorithm is the usual approach in
encoding the parameters. However, the performance of this representation deteriorates
as the number of parameters increases. Problems with several parameters end up with a
very long bit string, which makes the convergence process slow.

The representation of the parameters in RCGA optimizes the encoding because
individuals are directly coded as real numbers and the strings are smaller. Comparative

studies have shown that RCGA is more efficient and performs better than binary GA

[91-93].
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In order to assess the performance of the RCGA against the Binary Coded
Genetic Algorithm (BCGA) in obtaining the magnitude of the signals shown by
equations 5.8 and 5.9, the results from reference [90] (which represent the BCGA
solution) are compared with the solution obtained by RCGA and the results are shown
in the tables below.

From the tables below by comparing the results obtained by RCGA and BCGA
in term of accuracy, it is apparent that RCGA produces much better results than BCGA.
For example, as shown in Table 5.5 the percentage error of obtaining the DC signal
magnitude in the V(?) using BCGA was more than 20% while the RCGA gave the exact
magnitude. For the current signal /(z) as shown in table 5.6, the RCGA was able to
analyze all harmonic components with great accuracy while BCGA was giving up to
21% error. Moreover, the percentage of the absolute error of RCGA is much smaller

than BCGA.

Table 5.5 RCGA vs BCGA in finding the magnitude of the DC component, fundamental component
as well as harmonics of the voltage signal represented by equation 5.8

Harmonics
Magnitudes of Binary
V(t) RCGA % Error GA % Error

0.0388 0.0388 0.00 0.0308 -20.62
0.4994 0.4994 0.00 0.4995 0.02
0.323 0.323 0.00 0.3123 -3.31
0.0708 0.0708 0.00 0.0709 0.14
0.0224 0.0224 0.00 0.0225 0.45
0.0154 0.0154 0.00 0.0152 -1.30
0.0165 0.0165 0.00 0.0152 -7.88
0.0219 0.0218 -0.46 0.0235 7.31
0.0176 0.0176 0.00 0.0176 0.00
0.0119 0.0119 0.00 0.0112 -5.88
0.012 0.012 0.00 0.0112 -6.67
0.0289 0.0289 0.00 0.0293 1.38
0.0084 0.0084 0.00 0.0083 -1.19
0.0084 0.0084 0.00 0.0083 -1.19

%Absolute average error 0.03 4.10
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Table 5.6 RCGA vs BCGA in finding the magnitude of the DC component, fundamental component
as well as harmonics of the current signal represented by equation 5.9

Harmonics
Magnitudes of Binary
I(t) RCGA | % Error GA % Error

0.0454 0.0454 0.00 0.0469 3.20
0.4662 0.4663 0.02 0.4692 0.64
0.0817 0.0816 -0.12 0.0821 0.49
0.0519 0.0519 0.00 0.0518 -0.19
0.0543 0.0543 0.00 0.0625 13:12
0.0305 0.0305 0.00 0.0312 2.24
0.0218 0.0218 0.00 0.0219 0.46
0.0313 0.0313 0.00 0.0312 -0.32
0.0178 0.0178 0.00 0.0176 -1.14
0.0244 0.0244 0.00 0.0312 21.79
0.0159 0.0159 0.00 0.0161 1.24
0.0196 0.0196 0.00 0.0195 -0.51
0.0157 0.0157 0.00 0.0156 -0.64
0.0168 0.0168 0.00 0.0166 -1.20

Absolute average error 0.01 3.38

5.4.2 Case study 2

Figure 5.4 below represents the HIF current and line voltage. The current signal
has been built based on the HIF harmonic characteristics using Matlab. As shown from
the extracted data in Section 3.4, a typical HIF contains 3 and 5™ harmonics current of
certain percentages with respect to the fundamental current. The angles of the 3 and
the 5™ harmonics are shifted with respect to fundamental current as shown in Section
ol

Based on these findings, the HIF current equation has been built and plotted and
shown in Figure 5.4. The 3™ and 5™ harmonics are assumed to be 10% and 5% ,
respectively, with respect to the fundamental current. The angle shifts of the 3 and 5"
harmonics are selected as 2.88 rad (165 degrees) and 2.76 rad (158 degrees). The
magnitudes of the harmonics and angle shifts are consistent with the findings in section
3.7. In practice, the magnitudes of the harmonics depend on many factors including the

surrounding environment and the intensity of the arc.
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Figure 5.4 High Impedance Fault line voltage and current

I =5+ 80 sin(wt) + Icos(2wt) +8 sin( 3wt + 2.88) + 1 cos(4wt) + 4 sin(Swt +2.76)
+1 cos (6wt) + 1 sin(7wt + 2.62)
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Since FF1 was found to be a better fitness function in terms of accuracy, it was used to analyse the signal in Figure 5.4 which represents a
typical HIF current. The magnitudes of the signal and the phase angles are evaluated using the real coded genetic algorithm. The effect of the data
window size (number of cycles) has also been studied. Table 5.7 summarizes the results of this case. The data window size is varied between 1 and
10 cycles in steps of one cycle at a sampling rate of 1000 Hz, and the corresponding number of samples is also. It is clear that the results obtained
using RCGA are very accurate in estimating the magnitudes and phase angles of the HIF current. The results also show that increasing the number

of cycles has little effect on the results and one cycle is enough to achieve accurate results.

Table 5.7 Estimated harmonic magnitudes for IHIF using GA with different window size (cycles) and sampling rate of 1000 Hz using FF1

DC transient 5 01 2"d 02 - 03 4% 04 5 05 6" 06 g 07
target 5 80 0 1 | o0 8 2.88 1 0 4 2.76 1 0 1 2.62

# of window | 1

samples size , | g | | |

21 1 5.0102 80.0086 0 10616 | 0.0004 = 8012 | 2.8725 | 1.0607 | 0 | 40238 | 27487 | 0999 0 0.9989 | 2.622
41 2 5.0005 79.9997 0 1.0016 0 8.0009 | 2.8799 | 0.9996 | 0 | 3.9999 | 2.7602 | 1.0001 0 1003 | 26185
61 3 5.0003 79.9998 0 09996 0 | 7.9995 | 2.8798 | 1.0004 | 0 | 3.9992 | 2.7599 | 1.0008 0 1.0003 | 2.62
81 4 5.0002 79.9985 0 10001 0 8 2.8802 | 1.0006 | 0 | 4.0002 | 2.7598 | 1.0001 0 | 0999 | 2.6199
101 5 5.0005 80.0001 0 1002 | 0 | 7.9982 | 2.88 | 1.0001 | 0 | 4.0001 | 2.7595 | 0.9987 | 0.0002 | 1.001 | 2.6204
141 7 5.0005 80.0003 0 I ‘ 0 | 80019 | 28788 | 0995 | 0 | 3.9977 | 2.7564 | 0.9976 0 1.0029 | 2.6221
201 10 5.0003 80.0004 0 09993 0 | 8.0008 | 2.8801 | 0.9996 | 0 | 4.0001 | 27599 | 1.0007 | 0 | 0.9999 | 2.6215
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In the second case study, one window (one cycle) is used with different sampling rates. Sampling rates started from 1000 Hz and ended-up
at 10000 Hz in steps of 1000 Hz. Extensive computation has confirmed that the window size of 1 (1 cycle) gives is sufficient with FF1. A sample
of the results is given in Table 5.8 (window size =1 cycle only). It appears that FF1 gives accurate results using the first chosen sample range (1000
Hz) with no effect when increasing the sample rate (except increasing the time of calculation). Results from Tables 5.7 and 5.8 provide high levels
of confidence that the use of RCGA to estimate the harmonic magnitude and phase angle associated with high impedance fault signal will result in
accurate solutions.

Table 5.8 Estimated harmonic magnitudes for IHIF using GA with one window size (1 cycle) and different sampling rate using FF1

DC
transient 1% 0l i 02 3¢ 03 4" 04 5> 05 6" 06 ™~ 07
target 5 80 | 0 | 1 0 8 288 1 0 4 2.76 1 0 1 2.62
# of sample ‘ ‘
samples rate
21 1000 5.0102 | 80.0086 = 0 | 1.0616 | 0.0004 | 8.012 2.8725 1.0607 0 4.0238 | 2.7487 | 0.999 0 0.9989 | 2.62
41 2000 49989 | 799997 ' 0 | 1.0017 0 8 2.8799 1.0002 0 4.0004 | 2.76 | 1.0001 0 0.9998 | 2.622
61 3000 5.0019 | 79.9997 | 0 | 1.0006 0 8.002 2.8801 1.0005 0 3.9997 | 2.7601 | 1.0009 0 1.004 | 2.6198
81 4000 49999 | 79.9991 | 0 | 1.0001 0 8.0005 2.8802 1.0011 0 3.9986 | 2.76 | 1.0001 0 0.9993 | 2.6202
101 5000 5.0001 | 80.0006 0 1 0 8.0005 2.88 0.9996 0 3.9992 | 2.7602 | 1.0002 0 1.0001 | 2.6207
141 7000 49999 | 79.9986 = 0 | 1.0013 0 7.9987 2.8802 | 0.9988 0 4.0026 | 2.7605 | 1.0012 0 1.004 | 2.6216
201 10000 | 49995 | 79.9994 = 0 | 0.9993 0 8.0027 = 28798 | 0.9997 0 4.0004 | 2.76 | 1.0004 0 1.0018 [ 2.6199
| |
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5.5 Conclusion

A new method for on-line tracking of power system harmonics was proposed. A Real
Coded Genetic Algorithm (RCGA) has been used to solve this formulated optimization
problem. This method, basea on RCGA, was successfully tested using different fitness
functions. The effect of window size and different sampling frequencies of the voltage and
current waveform were studied. The very accurate results obtained show that the proposed
method can be used as a -reliable on line harmonic estimator especially for signals with time

varying magnitudes.
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Chapter 6

Real Coded Genetic Algorithm compared
to the classical method of Fast Fourier
Transform in harmonic analysis

Harmonics in voltages and currents come from various equipment used in homes,
industrial facilities and ofﬁces. Any device with non-linear characteristics may be injecting
harmful hérmonic currents and voltages into the electrical system. Power quality has become
a factor in our lives and harmonics may degrade the quality of supply. In order to design

“harmonic ﬁlters to maintain power quality, the evaluation of waveform diétortion is needed
to provide an accurate measure of power system harmonics and exact characteristics of the
voltage and current waveforms. This chapter presents an enhanced analysis scheme for
identiﬁcation and tracking of harmonics in power systems. The proposed technique is not
limited to stationary waveforms, but can also estimate harmonics in waveforms with time-
varying amplitudes. The results obfainéd from the proposed Real Coded Genetic Algorithm
(RCGA) are compared with the results obtained using the classical Fast Fourier Transform

technique. The algorithm has been tested using simulated data and the effects of sampling

rate have been studied. Results are reported and discussed.




6.1 | Introduction

The difﬁculty in tracking and measuring harmonics arises due to the fact that
harmonic generating sources are dynamic in nature. As power semiconductors are switched
on and off at different points on each cycle, damped transients are generated. When a fault
happens on a transmission line, radical changes occur in the current and voltage waveforxhs.
The magnitudes and phases of the fundamental frequency éurrent and voltage signals are
badly corrupted by noise, in the form of a DC offset as well as frequencies above
fundamental frequency [20].

The classical Fourier transform is the mechanism by which we decompose the signal
to find its harmonic content. We use the Fast Fourier Transform (FFT) to obtain voltage and
current frequency spectra from discrete time samples. However, misapplicatioﬁ of the FFT
algorithm may lead to incorrect results. Although the FFT alggrithm has been applied
suqcessfully in pqwer system harmonic measurements and analysis,vlthere are several basic
as_sumptions embodied in the application of FF T for harmonic analysis. These assumptions
are [84, 94]: |

o The signal is stationary (constant in magnitude) and periodic.

o The sampling freqﬁency is greater than twice the highesf frequency to be evaluated.

¢ The number of periods sampled needs to be an integer.

e Only integer multiples of the fundamental frequency are taken into account in the
harmonio-survey. Therefore, the waveform must not contain frequencies that are not
integer multiples of the fundamental frequency. |
In fact, the fundamental frequency is the line frequency of the power syétem and the

frequency resolution is the reciprocal of the sémpling length of time. The sampling

frequency ( f,) is equal to the number of samples multiplied by the frequency resolution

defined in the application. When the above mentioned assumptions are satisfied, the results
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of the FFT are accurate. There are three major pitfalls in the application of FFT, namely
aliasing, leakage, and the picket-fence effect [84, 94]. "Aliasing" is the phenomenon which
causes high' frequenéy components of time function, translate into low frequencies if the
sampling rate is too low. The teﬁn "leakage" refers to the apparent spreading of energy from
one frequency into adjacent ones. For the FFT algorithm to be applied, the third a{ssumption
(the number of periods sampled needs to be an integer) must be satisfied to avoid "leakage".
However, the fundamental frequencies Qf the current and the voltage in a power system may
not be exactly their nominal values. Moreover, there is always uncertainty in determining the
actual fundamental frequency. The sampling rate of data acquisition and the sampling data
are usually set at fixed numbers. If the truncation intérval is not an integer multiple of the
period of the fundamental, the so-called "spectral leakage" will occur since the sampled
sequence will not be truncated exactly at the end of a cycle [85, 95]. In this case, the FFT
algorithm will lead to incorrect results. The window techniques‘can be applied to the
sampling data for reducing the spectral "leakage" in the FFT of such a sampled waveform
- [95]. Finally the "picket-fence effect” occurs if the analyzed waveform includes a frequency
which is not one of the discrete harmonics of the fundaméntal. Since the FFT is discrete,
only the amplitude\s of frequencies that fall exactly on these discrete points in the frequency
domain are calculated exactly. Therefore, transients caused by dynamic loads can affect the
acéufacy of the magnitudes of each harmonic. |

In this chapter the Real Coded Genetic Al.gOrit.hm (RCGA), dgscribed in Chapter 4,

is used for tracking harmonics on power systems and compared with the FFT.

6.2 Fourier Transform

The Fourier transform is used in many fields of science as a versatile mathematical
tool to alter a problem to one that can be solved more easily. The Fourier transform -

decomposes a signal or a function into a sum of sines and cosines of different frequencies
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which sum up to the original signal or function. The main advantage of the Fourier transform
lies in its ability to transfer the signal from its time domain to the frequency domain which
usually contains more information [96].

For a continuous function f(¢), the Fourier transform F( f ) is defined as:

F(f)= [f(t)xe”*"dt  (6.1)
And the inverse transform is given as follows:

f(t)= [F(t)xe? M dt 62)

6.2.1 Discrete Fourier Transform DFT

Introducing computers and microprocessors in power numerical calculations of the

Fourier transform requires discrete sample values of f(¢) which will be denoted f(t,).
Letting f, = f(¢t,), where k =0, 1, 2, ............, N-1, leads to the discrete Fourier

traﬁsform as:
N-I ‘
Fn= Eo f, xe IR (6.3)

The inverse transform is given as follows:

N-1 .
fk =_]1Vk;0Fn*e_127mk/N (6.4)

The Discrete Fourier Transform (DFT) yields frequency coefficients of a signal representing
the projection of an orthogonal sine and cosine basis functions. This is an adequate method
of analysis if a signal is predominantly sinusoidal, periodic and stationary. As power system
disturbances are subject to transient and non-periodic components, the DFT alone may fail to
provide an accurate signal analysis. If a signal is altered in localized time instant, the entire

frequency spectrum can be affected.
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6.2.2 Fast Fourier Transform FFT

Theoretically the DFT can be applied to any series of values but, in practice, for a
large series, it takes considerable time to perform the required computations, the ti}ne taken
being proportional to the square of the number of points in the series. A much faster
algorithm was develc;ped around 1965 called the Fast Fourier Transform (FFT). The only
restriction on the use of FFT is the number of points in the series which ideally should be a

power of 2. The computation time for FFT is proportional to Nlog,(N), where N is the

number of points in the series [96]. The basic idea is to break up a transform of length N into

two transforms of length N/2 using the identity of:

. N-1 . N/2-1 . S N/2-1 .
~j2mk/N _ —j2r(2n)k/ N —Jj2rn(2n+ 1)k/N
Sa,*e = Ya,,*e + Xa,, .  *e (6.5)
=0 n=0 n=0
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6.3 The harmonic mod‘el

Mathematically, signals can be répresented in several ways. A periodic and distorted
signal can be suitably represented in terms of its DC component, fundamental frequency and
harmonic corﬁponénts; the last two expressed as a sum of sinusoidal waveforms referred to
as fhe Fourier series. Each harmonic component has its own amplitude and phase angle, as
well as a frequency that is an integer multiple of thev ‘fundamental system frequency.

Consider a voltage waveform with harmonic components, written as equation (6.6) [97]
’ N
V(t)=Ve ™ +3 A, cos(iopt+@, )+ A, sin(iot + ;) | (6.6)
i=I :

where V) is the constant component of V(?) and 1 is its time constant; A,,4;,0,,0,; are the
cosine and sine amplitudes and phase angles of the ith harmonics respectively; @, is the
fundamental frequency and N is the number of harmonics used to represents V{(z).

In order to obtain the waveform paratheters, mathematical algorithms are employed.
Assuming the signal V(?) is sampléd at a predefined time interval Az, there will be a set of m

samples, v(?; ), v(1, ),..v(1, ), obtained for L2y, Where 7,18 an arbitrary time reference.

error at time ¢,,. The problem is to find the values for V},,4,,,4,;.

V)] Ao | [etts)]
4| |et2)((6.7)

_V(tm ) J ACN __e(tm ) i
AsN J
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6.4 Fitness Function

In order to apply an evolutionary algorithm to a given problem, we need a way of
evaluating candidate solutions. This is done with a fitness function. A fitness function is a
function that takes an input as a representation, trénslates this ;nto the corresponding
candidate solution, tests this candidate solution on fhe“ given problem and then returns a
number that indicates hbw good this solution is, i.e., its fitness. A fitness function is usually
constructed in such a way that a higher fitness value is assigned to better solutions. The
fitness function for a given problem (whether it is a minimization or maximization pro‘t;lem)
can always be written in the appropriate for;n. In this study the fitness ﬁnction is set to
minimize the maximum individual error. The evaluation function is the function resppnsible
for the determination of the fitness of each individuall. Its objective is to evaiuate the
. estimation error. The coded parameters are compared to the measured value in each time

~ step to calculate the average error. The fitness function of Section 5.3 is used in calculations.

6.5 Testing of Algorithm

The Itesting is undertaken using some typical signals encountered in power systems
(with data  taken from literature, Section 6.5.1) and also thése representative of HIF
waveforms (Section 6.5.3) with direct comparisons of resulté between the proposed new
RCGA technique and the classical FFT. It is appreciated that the presence of an exponential
term may make the FF T perform poorly (at 1¢ast for a smaller number of sampling points)
and this is discussed further in Section 6.5.2 (Where comparisons of FFT performance are
also made before and after the exponential term has been removed). It will be argued thaf the

RCGA offers an advantage of not needing an exponential term filtered out before the

harmonic analysis.
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6.5.1 Casel

In this case a single phase to ground fault is used as described by equétions 6.8 and
6.9 Aand plotted in Figure 6.1 (it is a transmission line fault case presented in [97]). The fault
is applied at a voltage peak. With a pre-selected sampling rate and specified window size,
the actual analogue signal is converted to discrete digital samples. A/D converters are used
to generate the measurement vector [V]. The fitness function proposed earlier (FF1) is used
to evaluate the RCGA solu;cion and compare it with the solution of the FFT. A data window

size of one cycle is used with fixed sampling frequency (A7 =0.001s). Tables 6.1 and 6.2

show fhe results obtained using RCGA and FFT. The results from the tables are plotted in
Figures 6.2 and 6.3 in terms of accuracy (percentage error). The obtained results appear to
suggest that the numbers generated by the RCGA yield a much better estimatio;l when
compared to the traditional FFT method. In Table 6.3 tﬁe sampling time of current I(t) has
been decreased to see at what stage FFT would give a result close to RCGA. As may be
seen, in order for FI\TT to achieve a very smail percentage error to match the RCGA’s
accuracy, it needs many more samples per cycle than RCGA (RCGA iny needs 20 samples
per cyciej. Finally, Figure 6.4 corﬁpares RCGA with FFT in terms of accurgcy. As shown,
FFT needs more processing power and more computing time to match RbGA’s accuracy.

In the following tables and figures, it should be noted that the harmonics are sthn

separately for the cos and sin terms, in accordance with the equations 6.8 and 6.9.

V9)=0.0550exp(-0.4t)+0.9829cos(twt)+0.1842sin(w1) I()=0.2491exp(-0.4t)+0.9587cos(wt)+0.284 sin(cwt)
+0.0141cos(2w1)+0.02454sin(2wt) +0.007 7cos(3we) +0.0619cos(2w1)+0.1054sin(21)+0.0329cos(3wt)

+0.0197sin(3wt)+0.0050cos(4wt)+0.0168sin(4cw1) +0.0811sin(3601)+0.0206c0s(4ct)+0.0643sin(4c00)
+0.0039cos(5wt)+0.01 54sin(5wt)+0.0033cos(6w1) +0.0146cos(501)+0.0528sin(5w1)+0.0116cos(6w1)
+0.0161sin(6w1)+0.0033cos(7wt)+0.0230sin(7wt) | +0.0448sin(6(01)+0.0052cos(7w1)+0.0401sin(7cw1)
(6.8) - (6.9)
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Figure 6.1 Plot of V(?) and I(?) of equations 6.8 and 6.9

Table 6.1 Estimated harmonics magnitudes for V(2) using GA and FFT at Az=0.001s

Fourier GA
Harmonic Harmonics
order Magnitudes of
V() Ar=0.001s % Error Ar=0.001s %Error
Calculation Calculation

time time

0.0156s 1.86s
DE 0.0550 0.1034 88.00 0.055 0
Ist 0.9829 1.0231 4.09 0.9829 0
0.1842 0.0298 -83.82 0.1842 0
2nd 0.0141 0.0128 -9.22 0.0141 0
0.0245 0.0194 -20.82 0.0245 0
3rd 0.0077 0.0019 -75.32 0.0077 0
0.0197 0.013 -34.01 0.0197 0
4th 0.0050 0.0039 -22.00 0.005 0
0.0168 0.0082 -51.19 0.0168 0
Sth 0.0039 0.0036 -7.69 0.0039 0
0.0154 0.0047 -69.48 0.0154 0
6th 0.0033 0.0025 -24.24 0.0033 0
0.0161 0.0025 -84.47 0.0161 0
7th 0.0033 0.0009 -72.73 0.0033 0
0.0230 0.0012 -94.78 0.0230 0

%Absolute
average Error 49.46 0
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Figure 6.2 Estimated harmonics magnitudes for ¥(?) using GA and FFT

Table 6.2 Estimated harmonics maggitudes for I(1) using GA and FFT at A7=0.001s

Fourier GA
Harmonic Harmonics
order Magnitudes
of I(1) Ar=0.001s %Error Ar=0.001s %Error
Calculation Calculation
time time
0.0156s 1.86s
DC 0.2491 0.3007 20.71 0.2491 0
Ist 0.9587 1.0265 7.07 0.9587 0
0.2841 0.1366 -51.92 0.2841 0
2nd 0.0619 0.0659 6.46 0.0619 0
0.1054 0.0803 -23.81 0.1055 0.095
3rd 0.0329 0.049 48.94 0.0329 0
0.0811 0.0494 -39.09 0.0811 0
4th 0.0206 0.0327 58.74 0.0206 0
0.0643 0.0262 -59.25 0.0643 0
5th 0.0146 0.0176 20.55 0.0146 0
0.0528 0.0097 -81.63 0.0528 0
6th 0.0116 0.0023 -80.17 0.0116 0
0.0448 0.0011 -97.54 0.0448 0
7th 0.0052 0.0164 215.38 0.0052 0
0.0401 0.0048 -88.03 0.0401 0
%Absolute
average Error 59.95 | 0.006
114




Harmonics order

B FFT B GA

Figure 6.3 Estimated harmonics magnitudes for /(?) using GA and FFT

Table 6.3 RCGA and FFT yielding similar accuracy for /(7)

Fourier GA
Harmonic Harmonics
order Magnitudes
of I(1) Ar=0.0000001s %Error | A=0.001s | %Error
Calculation Calculation
time time
6.5s 1.86s
B 0.2491 0.2481 -0.40 0.2491 0
1st 0.9587 0.9587 0.00 0.9587 0
0.2841 0.2847 0.21 0.2841 0
2nd 0.0619 0.0619 0.00 0.0619 0
0.1054 0.1057 0.28 0.1055 0.095
3rd 0.0329 0.0329 0.00 0.0329 0
0.0811 0.0813 0.25 0.0811 0
4th 0.0206 0.0206 0.00 0.0206 0
0.0643 0.0645 0.31 0.0643 0
Sth 0.0146 0.0146 0.00 0.0146 0
0.0528 0.0529 0.19 0.0528 0
6th 0.0116 0.0116 0.00 0.0116 0
0.0448 0.0449 0.22 0.0448 0
7th 0.0052 0.0052 0.00 0.0052 0
0.0401 0.0402 0.25 0.0401 0
%absolute
average Error 0.14 0.006
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Figure 6.4 Details of errors of RCGA and FFT for Table 6.3.

In addition to other comparisons, the overall computing times (using the same
processor) for the different RCGA and FFT analyses have been shown in Tables 6.1 to 6.3.
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