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CHAPTER 1. INTRODUCTION  

          The energy produced at a power generation station is conveyed to the electricity end 
users through a complex network of transmission and distribution systems. Of the two the 
distribution system is that part of power system which delivers the power to the consumers 
for utilization. Although the transmission and distribution systems are quite similar in terms 
of electrical load circulatory system here in this doctoral research project the main attention 
is paid on the distribution system which is in fact consists of both low- and medium- voltage 
distribution networks.  

Based on the nature of the distributed load current the distribution system may be classified 
as a direct current (DC) distribution system or as an alternative current (AC) distribution 
system. According to the type of construction it follows that the distribution system may also 
be classified as overhead or underground systems. Of the two at this stage the underground 
system is beyond the scope of this doctoral project work. Nevertheless above all it is of 
interest to mention that according to the scheme of connection the distribution system may 
be regarded as radial system, ring system and inter-connected system. In the radial system, 
separate feeders radiate from a single substation and feed the distributors at one end only. 
This contrasts with a ring system in which the primaries of the distribution transformers 
form a loop such that the loop circuit starts from the substation bus-bar, makes a loop 
through the area to be served, and returns to the substation. Finally the inter-connected 
system is a network in which the feeder ring is energized by at least two or more than two 
generating stations or substations. For over past decades, however it has been observed that 
the above mentioned feeders, distributors and service mains, regardless of the distribution 
system configuration and connectivity mode, is increasingly exposed and prone to severe 
electrical stresses or failures or fault hazards [1-101]. The most prevailing power failures in 
the distribution system are typically single phase-to-ground or earth faults. Especially on the 
overhead distribution lines ninety percent of these single phase-to-ground faults 
predominantly involve the power arcing faults [1,2,8-14,26,27,31-33,36,38,39]. If sustained, 
these faults lead to unexpected and undesirable system service interruptions which obviously 
gives rise to some negative effects and consequences in the point of view of both electricity 
utilities and electricity end users. Further in addition to this technical perspective and aspect 
it is even tempting to believe that the power arcing faults also cause severe financial and 
economic losses for both electricity utilities and consumers such as large and important 
industrial sector which goods and services strongly depend on electricity. For this reason and 
in order to minimize and reduce or completely expedite the negative effects and impacts of 
these dangerous electric arcs hazards, the electricity utilities are constantly looking for 
reliable solutions including the distribution network neutral point treatment [92-95]. Hence 
two major network configurations namely the network with a compensated neutral and the 
network with unearthed neutral. 
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1.1 Grounded and ungrounded system protection 

1.1.1 System with ungrounded neutral 

         In an ungrounded neutral system the neutral is not connected to ground i.e. the neutral 
is isolated from the ground giving rise to an isolated neutral system or simply free neutral 
system. In fact in this system the line is assumed to be transposed so that each conductor has 
the same capacitance C to ground under normal operation conditions (this is purely 
theoretical assumption, since in practice most distribution lines have only partial 
transposing, if any). Thus since for instance the capacitances  ,  and  of a three-phase 
system are assumed to be equal, therefore the capacitance currents  ,  and  will 
eventually have the same value given as  , where  is the phase voltage 
(or line to ground voltage) and  is the capacitive reactance of the line to ground. However 
it follows that under a normal condition since the three capacitive currents are equal in 
magnitude and displaced by  from each other, therefore their phasor sum will be zero. 
As a result no current flows to ground and the potential of the neutral is the same as the 
ground potential. But under a single phase to ground fault condition as a line to ground fault 
occurs, let us say in line  at some point F, then the capacitive fault current  in the line  
will be the phasor sum of   and   expressed as   which will be eventually three 
times bigger than  earlier mentioned. For this reason when a single line to ground 
fault occurs on ungrounded neutral system the following effects are immediately produced in 
the system [92-95,102]: the potential of the faulty phase becomes equal to the ground 
potential, enhancing the voltages of the two sound phases to rise from their normal phase 
voltages to full line voltage value. A condition which, if sustained, is prone to result in an 
insulation breakdown. Further as the capacitive fault current  becomes three times the 
normal per phase capacitive current, gives also rise to the phase capacitive current in the 
sound phases. However, in case of high fault resistance, this ungrounded neutral system 
cannot provide adequate protection against earth fault because the phase capacitive current 
often is small in magnitude and cannot operate the protective relays and fuses. Therefore 
this capacitive current    continuously flows through earth path while sustaining the 
associated arc in process. Furthermore experience has shown that   in excess of 4A 
(ampere) is sufficient to maintain an arc in ionized path of the fault and also according to 
[92-95,102]. Such phenomenon of persistent arc is known as arcing ground. Eventually due 
to the arcing ground the system capacity is charged and discharged in a cyclic order, which 
sets up high frequency oscillations on the whole system and the phase voltages of the sound 
conductors may significantly rise [92-95,102]. Obviously such over voltages in the sound 
conductors may damage further the insulation in the line in conjunction with the other 
power equipment. Because of these above listed drawbacks and limitations ungrounded 
neutral system is not a good solution nowadays. For this reason the modern distribution 
systems (three-phase systems) employ grounded neutral which consists of the process of 
connecting the neutral point of the three-phase system to earth either directly or through 
some circuit element including resistance or reactance.  
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1.1.2 Compensated and resistance earthed neutral system 

          In fact several methods of the system grounding exist and these methods are commonly 
known as solid or effective grounding, resistance grounding, reactance grounding and 
Petersen-coil grounding. The choice of the method of grounding depends upon many factors 
including the size of the system, the system voltage and the scheme of protection to be used 
[92-95]. Nevertheless it follows that in the distribution system when the neutral point of the 
three-phase system i.e. three-phase generator or three-phase transformer is directly 
connected to earth through a wire of negligible resistance and reactance it is said to be 
solidly grounded or effectively grounded. In such case the neutral point is held at earth 
potential under all conditions. In a circumstance like this under a fault condition the voltage 
of any conductor to earth will not exceed the normal phase voltage of the system. But the 
drawbacks and limitations of the solid grounding system are such that since most of the 
faults on the overhead system are phase to earth faults kinds, the system has to bear a large 
number of severe shocks and stresses. In order to overcome these limitations and drawbacks 
of the solid grounding system another technique of system grounding consists of resistance 
grounding [92-95,102]. The particularity of this system is that in order to limit the 
magnitude of the earth fault current, it is a common practice to connect the neutral point of a 
three-phase system to earth through a resistor. However the value of the resistance should 
neither be very low nor very high. If the value of the grounding resistance is very low the 
earth fault current will be large and the system becomes similar to solid grounding system. 
Whereas if the grounding resistance is very high the system conditions become similar to 
ungrounded neutral system. Therefore care is taken such that the value of the grounding 
resistance is so chosen to enhance the fault current which is limited to safe value but still 
sufficient to permit the operation of earth fault protection system switchgears. Nevertheless 
in practice the value of the grounding resistance is selected such that the earth fault current 
is limited to two times the normal full load current of either the generator or the 
transformer. However since there is no perfect method, thus the resistance grounding also 
presents several drawbacks and limitations including the fact that the system neutral is 
displaced during earth faults, therefore the equipment have to be insulated for higher 
voltages [92-95,102]. Furthermore it appears that the grounding resistance is quite 
expensive to implement compared to the solid grounded system. Above all it should be 
noticed that a large amount of energy is produced in the grounding resistance during earth 
faults. Thus sometimes it becomes difficult to dissipate this energy to atmosphere. For these 
reasons however without using this time the grounding resistance another typical grounding 
method involves the use of reactance such that the purpose of this grounded reactance is to 
limit the earth fault current. Unfortunately this method is not used nowadays in a modern 
power distribution network because of the following limitations and drawbacks: in this 
system the fault current required to operate the protective devices such as relays and fuses is 
higher than that of the grounding resistance for the same fault conditions. Further the high 
transient voltages always appear under the fault conditions. Based on the above discussed 
drawbacks and limitations of the grounding resistance method, the arc suppression coil 
grounding (or resonant grounding) also known Petersen coil was introduced. However so far 
it has been observed through the above discussed different grounding and ungrounding 
systems that capacitive currents are responsible for producing arcing ground. Eventually 
giving rise to the capacitive currents to flow because capacitance exists between each line and 
the ground. Nevertheless if the inductance L of an appropriate value is connected in parallel 
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with the capacitance C of the system, then the possible fault current  flowing through that 
inductance will be in phase opposition to the capacitive current of the remaining two sound 
phases of the system. Thus if the inductance is so adjusted such that , then the reactive 
part of the resultant current in the fault will be zero, hence a resonant grounding. A 
condition which is enough to balance the fault current  with the capacitive current . In 
order to achieve this goal the reactor is provided with tappings to change the inductance of 
the coil such that this coil can be tuned with the capacitance of the system [92-95,102]. Thus 
for resonant grounding the value of inductance is given as , where  is the 
system angular frequency and  is the system equivalent capacitance. However similar to the 
other grounding systems discussed earlier, the Peterson coil grounding has the following 
limitations and drawbacks: due to varying operational conditions, the capacitance of the 
network changes from time to time. Therefore the inductance of the Peterson coil requires 
readjustment and in addition to this the lines should be transposed. Based on the above 
discussed systems configurations and different types of neutral point treatment it is quite 
clear that the electric arcs detection, location and suppression or isolation is not actually an 
easy and straightforward task in the perspective point of view of the system protection field. 
Further it is quite apparent that the aforementioned ground fault associated with power 
arcing hazard protection schemes and methodologies only rely on the currents and voltages 
quantities and waveforms patterns to suppress the possible electric arc fault phenomenon 
without indeed a specific and reliable approach and solution. Thus the most common 
practices are exclusively devoted to the detection and suppression of any kind of single 
phase-to-ground fault type without any clear indication of the fault location. Therefore the 
electric arc itself is quite ignored in the protection process although it is the most critical and 
dangerous fault hazard type. In fact it is quite clearly understood that the common and 
unsuccessful practices against electric arc rely on the connectivity and configuration of the 
system neutral point which also in turn affects significantly the operation of the protective 
relays, fuses, switches and circuit breakers. 

1.2 Power system protective switchgears 

          Among the protective switchgears the most relevant devices related to this research 
field are fuses, relays and circuit breakers. 

1.2.1 Protective fuses 

          Classically the fuse is short piece of wire or thin strip which melts when excessive 
currents flow through it for sufficient time. It is usually inserted in series with the circuit to 
be protected. Thus under normal operation conditions, the fuse element is at a temperature 
below its melting point. For this reason the fuse carries the normal load current without 
overheating. This contrasts with the fault conditions, when a short circuit or overload occurs 
and the current through the fuse increases beyond its rated capacity. This rises the 
temperature and the fuse element melts or blows out, enhancing the disconnection of the 
circuit under its protection or surveillance. Therefore a fuse protects the power equipment 
from damage due to excessive fault currents. It is worthwhile to note that a fuse performs 
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both detection and interruption functions. However for past decades it has been observed 
that the use of the fuse presents several disadvantages especially for the mitigation of electric 
arcs hazards. These limitations and drawbacks include: (i) considerable time is lost in 
rewiring or replacing a fuse after operation, (ii) on heavy short circuit discrimination 
between fuses in series cannot be obtained unless there is sufficient difference in sizes of the 
concerned fuses, (iii) the current time characteristic of the fuse cannot always be correlated 
with that of the protected power equipment. Nevertheless it is worth to bear in mind that two 
types of fuses exist which may be classified either as low voltages fuses and high voltages 
fuses. Of the two it appears that the low voltages fuses present more disadvantages compared 
to high voltages fuses, but in general the drawbacks of the two can be summarized as follows: 
(i) there is a possibility of renewal by fuse wire of wrong size or by improper material, (ii) the 
fuse especially the low voltage fuse type has a low breaking capacity and hence cannot be 
used in circuit of high fault level, (iii) the fuse element is subjected to deterioration due to 
oxidation through the continuous heating up of the element. Therefore after some time the 
current rating of the fuse is decreased, giving rise to the fuse to operate at different current 
level than the original rated value, obviously enhancing the fuse misoperation, (iv) accurate 
calibration of the fuse wire is not guaranteed because fusing current strongly depends upon 
the length of the fuse element, (v) the protective capacity of the fuse is uncertain as it is 
affected by the ambient condition, and finally the heat associated with the fault may at some 
extent affect the associated circuit switches. 

1.2.2 Circuit breakers 

          Another important switchgear equipment for the suppression of power arcing fault 
hazard is the circuit breaker (CB). Classically a CB is an equipment which can open or close a 
circuit under normal and abnormal conditions including no load, full load and fault 
conditions. Thus the CB is so designed that it can be operated manually or automatically by a 
remote control under normal or fault conditions. For a remote control operation, a relay 
circuit is used with a CB. It follows that the CB essentially consists of moving and fixed 
contacts enclosed in strong metal tank which is filled with oil commonly referred as 
transformer oil. However under normal operational condition the contacts remain closed 
and the CB carries the full load current continuously. In this condition it appears that the 
electromagnetic force (emf) in the secondary winding of the current transformer (CT) is not 
sufficient to operate the trip coil of the CB but otherwise as aforesaid the CB contacts can be 
also opened manually for any maintenance purpose. This contrasts with the fault occurrence, 
thus the resulting overcurrent in the CT primary winding increases the secondary emf. As a 
result this energizes the trip coil of the CB giving rise to the moving contact to pull down. 
Thus opening the contacts and hence the circuit disconnection. However it is of interest to 
mention that the arc produced by the opening of the CB contacts is quenched by the oil in the 
metallic container tank aforementioned. Nevertheless several types of CB exist and these 
include: oil circuit breakers which employ some insulating oil for arc extension, air blast 
circuit breakers in which the high pressure air blast is used for extinguishing arc, sulphur 
hexafluoride ( ) where gas is used for arc extinction and finally vacuum circuit breakers in 
which vacuum is used for arc extinction. Each of these CB types has its own advantages and 
disadvantages but above all the limitations and drawbacks of the oil CB are the following: it 
is inflammable and there is a risk of fire, it may form an explosive mixture with air, the 
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arcing products such as carbon remain in the oil and its quality in turn deteriorates with 
successive operations. Therefore a necessary periodic checking and replacement of the oil are 
required. Further there is no special control over the arc other than the increase length by 
separating the moving contact. Thus for successful interruption long arc length is necessary. 
In fact the CB has long and consistent arcing times. For that reason the CB does not permit 
high speed interruption. However due to smaller quantity of oil the degree of carbonization 
is increased. In addition there is a difficulty of removing the gases from the contacts space in 
time and finally it follows that the dielectric strength of the oil deteriorates rapidly due to 
high degree of carbonization. Next the limitation and drawbacks encountered by the air blast 
CB are as follows: the air has relatively inferior arc extinguishing properties, thus the air 
blast CB are very sensitive to the variation in the rate of rise of restriking voltage. Therefore 
considerable maintenance is required for the compressor plant which supplies the air blast. 
On the other hand the sulphur hexafluoride CB suffers from the following disadvantages: the 
( ) – CB are very costly due to high cost of ( )-gas. Since ( )-gas has to be 
reconditioned periodically, additional equipment is required for the conditioning purpose. 
Above all the problems of CB are such that the power systems contain an appreciable amount 
of inductance and capacitance. Therefore when a fault occurs, the energy stored in the 
system can be considerable. Thus the interruption of the fault by the CB will result in most of 
the stored energy dissipated within the CB, and the remainder being dissipated during 
oscillatory surges in the system, which are eventually undesirable. However the effects of 
these oscillatory surges are best demonstrated by the rate of rise of the restriking voltage, the 
current chopping and the capacitive current breaking. 

1.2.3 Protective relays 

          A relay is device which detects the fault and supplies information to the CB for circuit 
interruption. Bearing in mind that the relay is characterized by three major parts including 
the primary winding of the CT which is connected in series with the circuit to be protected. 
Thus the primary winding often consists of the main conductor itself. Next the second part of 
the relay circuit is made of the secondary winding of the CT connected to the relay operating 
coil and finally the third part is the tripping circuit which consists of a source of the supply, 
trip coil of the CB and the relay stationary contacts. Thus under normal load conditions the 
emf of the secondary winding of the CT is so small that the current flowing in the relay 
operating coil is insufficient to close the relay contacts. This keeps the trip coil of the CB 
unenergized. Subsequently the contacts of the CB remain closed and carrying the normal 
load current. This contrasts with the fault event, thus a large current flows through the 
primary of the CT and giving rise to the increase of the emf in the secondary winding of the 
CT and hence the current through the relay operating coil. Therefore the relay contacts are 
then closed and the trip coil of the CB is energized to open the contacts of the CB. However it 
is of interest to mention that instead of a CT, a voltage transformer (VT) can be used to 
trigger the relay as well, but this time the relay instead of monitoring the current quantity 
and waveform pattern, rather monitors the voltage quantity and waveform pattern. 
Nevertheless it follows that for best protection requirement the fundamental key parameters 
of the protective relaying include the relay selectivity which is the ability of the protective 
system to select correctly that part of the system in trouble and disconnect the faulty part or 
section without disturbing the rest of the system. Another parameter is the speed of the 
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relay, thus the relay system should disconnect the faulty section as fast as possible. Further 
parameter is the relay sensitivity which is the ability of the relay system to operate with low 
value of actuating quantity. In addition the relay reliability is the ability of the relay system to 
operate under a pre-determined conditions. Furthermore requirement of the relay system 
involves its simplicity for easy maintenance purpose and finally the most important key 
parameter of the relay covers the economical aspect of the protection scheme. However 
several relevant types of relay exist and these include the electromechanical relays, the solid 
state relays, and the computer or digital relays. In fact these relays can be classified as level 
detection relays, magnitude comparison relays, differential comparison relays, phase angle 
comparison relays, distance measurement relays, pilot relays, harmonics contents relays, 
and frequency sensing relays to only mention few. Bearing in mind that when a fault occurs 
and it is supplied from both terminals for a radial circuit, and the line is carrying load, the 
fault sources in that case are not in phase. Therefore this results in the reactance unit seeing 
the arc transient as an enlarged value of the fault impedance given as , where  is 
the resistance and  is the reactance. Thus at one terminal the protective relay may not 
operate on the arcing faults, and the reason for this is that these arcing faults can appear 
outside the relays operating zone. Subsequently this may cause the failure of the reactance 
unit on the next section of the circuit to incorrectly operate. In fact such enlarged value of 
during the power arcing events is known as apparent impedance effect. In addition to the 
apparent impedance effect, another critical issue of the protective relay failure concerns the 
very low current rate produced by the arc hazard. Thus most of the relays fail to detect this 
low arc current level especially at the arc earlier event. Also one should remember that the 
arc fault current has strong bias by the dominant system resistive and inductance 
components provided by the system grounding previously discussed. However considering 
three-phase distribution lines, as this arcing fault occurs on one-phase the other two sound 
phases will obviously operate at essentially  times the normal line-to-ground voltage [92-
95]. In a circumstance like this if an insulation breakdown causes the first ground fault, the 
voltage might even in this case accelerate the breakdown of the two sound phases, giving rise 
to a double line-to-ground fault or at some extent three-phase fault. Subsequently a high 
fault current would be induced and for this reason a fast shutdown of the system is required. 
Nevertheless as the current associated with the transient arc is very low, it seems that the 
voltage may provide the best indication of the presence of ground fault in the system, hence 
two basic methods for the voltage ground fault detection using either three VT connected in 
star-ground-broken delta for one method and for the other only a single VT connected in 
transformer neutral can be used in conjunction with a relay obviously [92-95]. But the 
limitations and the drawbacks of these two methods are such that they only indicate the 
presence of a ground fault without any knowledge of the possible location of the fault. 
Further it appears that the VT is especially subject to ferroresonance with very high and 
distorted waveforms, without adequate resistance in its secondary. Above all it also appears 
that when the directional transient relays are used several difficulties emerge and these 
include the fact that the relay is not able to operate correctly during double ground faults if 
the ground contact has a high resistance. Further when the transient is damped, then the 
relay may fail if the fault appears at the voltage zero, and finally the transient amplitudes can 
be too low to allow reliable direction evaluation. Bearing in mind that since these relays 
inputs are provided by either CT or VT, therefore these protection system devices may even 
fail for several reasons including the defect or failure of these two transducers, or even by the 
failure of the power transformer providing input to the primary relays, or by the failure of 
the substation battery, or by the failure of the CB. However based on the above discussed 
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limitations and drawbacks of the conventional protection schemes and devices or 
switchgears, the distinctive feature of the radio measurement in a power system protection 
as it has been proposed here in this doctoral research project is such that, regardless of the 
failures of the above mentioned conventional methodologies, any strategically distributed 
directional antenna arrays can always provide significant information or indication of the 
power arcing fault existence together with its location within a reasonably accurate 
resolution. In other words as derived from the above each individual conventional fault 
protection system disadvantages encountered during the electric arc hazard events 
associated with a single phase-to-ground faults, this doctoral thesis introduces and develops 
an unconventional arc fault diagnostic and monitoring system. Eventually this novel and 
alternative arc fault detection and location system attempts to completely divorce with the 
aforesaid conventional approaches by not focusing on the fault currents and voltages 
quantities and waveforms patterns but instead, this new method proposes the monitoring of 
these electric arcs electromagnetic (EM) radiated waves only. Thus the electric arcs such as 
spark gap discharges are in fact radio frequency (RF) spectrum wideband transmitters which 
can be detected and located at a relatively remote distance with the aid of wireless sensor 
arrays like the directional antennas. It follows that the ability of remotely measuring the RF-
signals emissions sources is commonly referred as radio measurement (RM) which is not yet 
well and fully understood in the power system protection field. Nevertheless the effects of 
this RM technology during the power arcing fault hazard events are best demonstrated by 
several different power arcing fault diagnostic, monitoring and positioning methodologies 
and systems, as it has been proposed, developed, published and summarized here in this 
doctoral thesis. In fact the distinctive features of this novel and unconventional arc fault 
troubleshooting methodology may be further amended by the following remarks: at their 
earlier stages or events the electric arc hazards are quite often associated with a very low 
current rate which is under (or below) the protective relay and fuse settings and pickup 
overcurrent and overvoltage values. Therefore these arc induced current and voltage 
quantities and waveform patterns remain undetected in the system in a parasitic manner 
until astonishing disaster occurs on the power equipment. This eventually at some extent 
puts the entire system under risk. Although the primary intention of this novel system 
protection technology attempts to divorce with the existing or conventional or traditional 
practices but in turn it aims with a reinforced hope to supplement these existing fault 
protection devices and schemes. Further it is evident that since not many published 
literatures related to this novel arc troubleshooting technology exist in the field of power 
system protection, therefore thus technically gives rise to significant and logical 
comprehensive indication regarding the scientific inputs and contributions of this doctoral 
thesis. Meaning that the drawbacks and limitations of the conventional system earlier 
discussed are considerably overcome by this novel arc hazard diagnostic, monitoring and 
positioning technology.  
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1.3 Research field and background 

          The importance of electric energy supply in everyday life has reached a stage that it is 
desirable to protect the power system from harm during fault conditions and in addition to 
ensure maximum continuity of the supply. In this doctoral research project the main 
attention is attracted by the distribution system, especially the medium voltage overhead 
networks and power lines (bare conductors). However for past decades it has been observed 
worldwide and according to several relevant literatures in the field of power system [1-101], 
in addition to historical statistic data derived from the OMS and / or DMS that the power 
distribution networks are constantly and recurrently prone to various kind of electrical 
stresses or faults. It follows that among these faults, arcing faults are often associated with a 
single phase-to-ground fault types which are in fact a major topic of this research. Further 
another important reason is that these conventional system protection schemes and 
methodologies which include essentially the treatment and assessment of the distribution 
network neutral point (i.e. ungrounded and compensated neutral) present as 
aforementioned several significant disadvantages during the events of a single phase-to-
ground faults associated with the power arcing faults. Based on the above drawbacks and 
limitations of the existing fault protection schemes and switchgears devices this doctoral 
thesis has developed, proposed and published a novel approach regarding the diagnostic, 
monitoring, isolation and troubleshooting techniques to effectively mitigate the unwanted 
and devastating effects and impacts of a single phase-to-ground fault hazard in conjunction 
with its associated power arcing fault hazard. However another particularity of this novel 
approach and protection scheme is that unlike the aforementioned conventional fault 
protection schemes and switchgears devices, this new system completely divorces with the 
conceptual idea of monitoring only the system supply load currents and voltages quantities 
and waveforms patterns under the fault conditions. Thus this novel system exclusively relies 
on the arcing fault induced electromagnetic radiated waves to decide the fault detection and 
location at a relatively remote distance with the aid of strategically distributed directional 
antenna arrays. Eventually such technique of monitoring the electric arcs EM radiated waves 
in conjunction with their related RF spectrum and amplitude modulated energy or intensity 
contents at a remote distance or location with the aid of directional antennas is known under 
the denomination of radio measurement (RM) which is not yet well and fully understood in 
the field of power system protection. Having briefly introduced the research field and 
background, its related objective and scope are addressed in the following section. 
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1.4 Research objective 

          The power distribution systems are designed to transmit and distribute the electricity 
from the substations to the electricity end users including normal regular customers and the 
industrial sectors. In order to ensure the continuity of an uninterrupted, available and 
reliable power supply load the electricity utilities have implemented number of system 
protection schemes and methodologies. The primary goal of these protective switchgears is 
to detect the fault and disconnect the faulty section from the rest of the system. In this 
perspective point of view, the switchgears intend to protect the system from the damage and 
in turn ensure continuity of the supply load and service. However it is evident that according 
to the earlier above listed conventional faults protection methods and switchgears drawbacks 
and limitations, more efforts and alternative engineering are needed to overcome the 
existing fault protection schemes disadvantages. For this reason this doctoral research 
project attempts to divorce with the working applications and operations principles of these 
traditional technologies and it aims to supplement them with an alternative means of arc 
fault detection, location and suppression scheme under a fault condition, especially during 
the events of a single phase-to-ground faults associated with power arc. In order to achieve 
such a remarkable goal this thesis has introduced the use of directional antennas to monitor 
the EM radiated waves released by the transient arc. Under the laboratory experiments and 
measurements framework, four major electric arcs hazards were further investigated, 
including: (i) the flashover of insulators, (ii) the partial discharges from broken insulation 
material of a power cable, (iii) the spark gap discharges between two spherical conducting 
electrodes, and finally (iv) a tree leaning to energized power conductor. As a result it was 
observed that all these types of power arcing hazards are source of RF-signals radiations. 
Therefore in order to understand these electric arcs EM radiated waves’ phenomenon and 
mechanism, a study of these arc radiated EM waves was conducted in both time and 
frequency domains. Thus this way this thesis attempted and intended to characterize the 
electric arcs hazards in term of their properties, nature, behavior and characteristics for their 
recognition patterns under real field measurement conditions. Although this doctoral project 
work was limited at a laboratory stage the additional objective was emphasized on presenting 
an appropriate signal filtering technique in order to clearly discriminate these electric arcs 
waveforms patterns from the existing free space noises including manmade television, radio 
and mobile communication broadcasts noises in addition to those provided by natural 
phenomena such as lightning, electrical corona radiated by high voltage and extra high 
voltages transmissions lines without mentioning the corona from solar flares. Since the EM 
radiated wave’s propagation phenomena and mechanism can take place in any available 
medium different from free space medium, this thesis has aimed to provide useful 
information regarding the factors which might affect the arc fault location systems under real 
field measurement conditions. The final and most significant goal of this thesis was to 
develop an effective comprehensive and reliable arc fault detection and location system via 
exclusively arc radiated EM waves. As a result significant arc fault location signal processing 
and algorithms have been developed, proposed and published. These methods and 
algorithms include the following: (i) the cross correlation method (xcorr method), (ii) the arc 
signal first peak amplitude of arrival method (FPA method), (iii) the arc signal leading edge 
of first peak amplitude of arrival method (LEFPA method), (iv) the electromagnetic energy 
contents carried by the arc signal waves based method also known as inverse square method 
(Energy method), (v) the arc signal angle of arrival method (AoA method), and finally (vi) 
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the wavelet based analysis method (wavelet method). The laboratory experiments and 
measurements conducted to study the most relevant electric arcs hazards as recurrently 
reported onsite in power distribution systems resulted in eight publications which are 
summarized in this doctoral dissertation. As listed below the specific aims or goals of each of 
the publications [ ] are as follows: 

[ ] Cross correlation method for power arcing source monitoring 
systems. To estimate the delays between pair of electric arc signals arrival times at 
several strategically placed arrays of antennas for the enhancement of the arcing fault 
EM radiated waves’ source position solution. 
[ ] Power arcing source location using first peak of arrival of RF-signal.
To utilize the electric arc RF-signal waveforms within a first cycle window which 
contains the arc signal first peak amplitude time information in order to decide the 
distance at which the arc induced EM radiated waves source is located relatively to 
the strategically distributed antenna arrays.  
[ ] Leading edge detection of RF-signal for power arcing source location.
To measure the arc signal times of arrival which correspond to the threshold point of 
the electric arc EM radiated waveforms, especially within the waveform first cycle 
window as it has been captured by several strategically placed antenna arrays. Next 
using the arc signal threshold time information the arc EM radiated waves’ source 
position is finally mapped in a three-dimension (3D) Cartesian plane. 
[ ] Novel approach of arcing faults electromagnetic radiated energy 
source location using antennas in power systems. To rely on a multiple 
directional antennas which are strategically placed around a possible electric arc fault 
in order to enhance the arc source location solution with the aid of its related induced 
EM radiated energy  intensity which is in turn attenuated along the distance it travels 
through empty space upon reaching the antennas position.  
[ ] Arcing fault localization using RF-signal angle of arrival method. To 
indicate the electric arc source position based on the arc induced EM radiated waves 
direction of propagation namely the signal angle of incidence upon which the arc EM 
radiated waves are absorbed by the strategically placed antenna arrays. 
[ ] Arcing fault electromagnetic radiated energy source detection and 
location using antennas and wavelet analysis. To clarify the arc source 
position by first filtering out any potential free space white noises interferences from 
the actual arc signal of interest and next by applying a signal windowing technique in 
order to extract the related waveform timing signature and information contained in 
that particular window such that a field measurement conditions are mimic.   
[ ] Experimental investigation of power arcing faults electromagnetic 
source characteristics. To examine the properties, the nature, the behavior and 
the characteristics of several arcing fault types which are recurrently reported onsite 
worldwide in the power distribution systems. 
[ ] Comparison of power arcing faults electromagnetic source detection 
and location methods. To develop a comprehensive and comparative statistics in 
order to propose the most efficient arc fault diagnostic and monitoring systems. Such 
evaluation was done by first comparing the arc location systems between each other 
and next another comparison was done between the antennas placements 
configuration. 
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1.5 Research methods 

The unconventional technique as it has been proposed here in this doctoral research 
project is based on online condition monitoring technique with the aid of non-intrusive 
wireless devices namely the directional antennas. Thus these antennas have a duty to detect 
and locate the arc fault source point position only using the arc induced EM radiated waves 
information including the time, the frequency, the angle of signal arrival, and the energy 
intensity contents to only mention the few most relevant components. Furthermore, it is 
intended that this novel system can monitor the entire network in real time. Thus the 
unnecessary fault hunting time is definitely avoided by using this novel fault detection and 
location approach. Unlike the existing traditional methods and devices the antennas do not 
need a direct connection to the power equipment to be monitored. Nevertheless it follows 
that at this stage it is of interest to conduct the majority of the arc fault measurements and 
experiments in a laboratory framework for better evaluation and estimation of the 
implementation of the electric arc fault detection and location methods because of the very 
few limited amount number of the existing literature in this new field. For this reason the 
medium voltage distribution systems are the main focus although in future this novel 
approach could be used for the monitoring of the entire power systems. However under the 
conceptual idea of the above described research method framework, several factors which 
underpin the scientific contribution of this dissertation are underlined in the following 
section. 

1.6 Scientific contribution 

          This thesis has developed and implemented several laboratory measurements and 
experiments to investigate the major electric arcs faults as the source of EM radiation. As a 
result publication [ ] was presented to prove the claim that arcing faults could be identified 
and located using radio measurements. In this regard the electric arcs are now well 
understood in term of behavior, properties, nature and characteristics. Further in [ ]
several antennas types were introduced to study the feasibility of detecting the electric arcs 
faults at a relatively remote distance. The outcomes show that regardless of the type of these 
wireless sensors, they all present similar properties and characteristics related to the electric 
arcs hazards. Next the thesis further demonstrated and developed several signal processing 
algorithms to extract useful information from the arcs radiated RF-signals in order to 
enhance their related source position solution in three dimensions (3D) Cartesian plane. 
These scientific results could be found in publications [ ] - [ ]. Finally a comprehensive 
comparative statistical analysis was undergone in order to clarify the feasibility of the electric 
arcs online measurement.  
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1.7 Dissertation outline

          In this thesis the main results of the eight articles are summarized. The summary is 
organized as follows: chapter 2 gives a short introduction to the theoretical background of 
the power arcing fault hazard associated with a single phase-to-ground fault. Next the 
conventional fault protection switchgear against these electric arcs drawbacks and 
limitations are exposed, giving rise to the feature of the unconventional arc fault protection 
novel approach which could supplement the above mentioned existing fault protection 
schemes. In chapter 3 the experimental validation of this novel arc fault detection and 
location approach is investigated. Next a summary of the publications consisting of this 
thesis is presented in chapter 4. Finally the main conclusions and future research works are 
given in chapter 5. 
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CHAPTER 2. POWER ARCING FAULTS 

          Power distribution systems are designed to convey the electricity or electrical load 
current from the power substations to the electricity end users through a complex network of 
power lines usually made of power cables or overhead lines. Of the two the power cables are 
insulated, whereas overhead lines most often are built using bare conductors which are not 
insulated. Of the two distribution systems the overhead lines are mostly considered here in 
this doctoral research project. The overhead distribution systems are exposed to electrical 
stresses giving rise to considerable number of power failures or outages. According to OMS 
and/or DMS statistics reports worldwide and in conjunction with relevant literature 
[1,8,40,42-46,51,75,102], these electrical stresses consist of about 90% of single phase-to-
ground faults among which 90% of the faults are associated with power arcs. 

2.1 Single phase-to-ground fault 

           The major part of faults on the power distribution systems are single phase-to-ground 
faults, which are of unsymmetrical nature.  It follows that when this kind of fault occurs it 
immediately gives rise to the unsymmetrical currents to flow into the system. In other words 
the magnitude of the fault currents in the three lines of the circuit are different and having 
unequal phase displacement. Using a mathematical procedure known as method of 
symmetrical components it is possible to determine the currents and voltages on the 
occurrence of the this particular fault by using the zero, positive and negative sequence 
components expressed as: 

     or          (1) 

Were ,  and  are the currents´ zero, positive and negative sequence components 
respectively, while ,  and  are the three phase currents.  is known as the 
phase shifting operator. Similarly ,  and  are the voltages´ zero, positive and negative 
sequence components respectively and the corresponding three phase voltages are given as 

,  and . In a single phase fault, the component networks are connected in series, 
which means that ,  and  are equal in amplitude and phase. The driving emf in the 
circuit is the phase voltage of the faulty phase. In ungrounded and compensated neutral MV 
networks, the impedance of the fault circuit is dominated by the zero sequence impedance, 
which is composed of ground capacitances or parallel connection of these capacitances and 
compensation coil. The electric arcs may originate from the increasing potential of the power 
lines above the insulation breakdown voltage or from insulation degradation for which two 
the common causes are follows: (i) lightning strikes, (ii) switching surges, (iii) trees or 
vegetation branches falling or growing too close to the energized power lines, (iv) winds 
inducing power conductors clashing, (v) wind driven objects or animals such as big and long 
snakes like python bridging conductors, (vi) broken and polluted power system protection 
insulators and finally (vii) ice or heavy snow falls associated with strong storms causing 
power conductor sagging or breakage.
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2.2.2 Damaged cable insulation discharges 

          Similarly to the spark gap discharges damaged power cable insulation material 
discharges were investigated as well as depicted in Fig.1a. The deterioration of the power 
cable insulation material often gives rise to an arc current plasma column to create unusual 
path through air or empty space. The results of the power cable discharges are illustrated in 
Fig.2 (see blue color) where this particular arc kind EM radiated waves’ patterns like the 
other arc type discussed above are distributed in a chaotic manner. Next its corresponding 
dominant frequency contents were made available using fast Fourier transform (FFT) as 
depicted in Fig.3 (see blue color). This kind of fault may be expected in the case of covered 
conductor lines or perhaps bundle air cables. 

2.2.3 Tree leaning to an energized power line 

          Another arc hazard as it has been studied intensively in this research work consists of a 
tree leaning to a conductor as pictorially depicted in Fig.1c. This kind of situation is very 
common after storms and strong winds, as well as after heavy snow fall, when trees and tree 
branches are bent towards power line conductors. As a result it appears that this particular 
arc kind like the other electric arcs mentioned above, generates RF-signals which were 
absorbed by the directional antennas. Eventually the outcome result of the measured arc EM 
radiated waveform is plotted in Fig.2 (see purple color), whereas its corresponding dominant 
frequency contents bandwidth was made available using FFT as illustrated in Fig.3 (see 
purple color).   

2.2.4 Flashover of an insulator 

          Several causes which give rise to an electric arc flashover on an insulator involve 
physical stresses, thermal stresses, chemical stresses, erosion, corrosion and at some extent 
the human vandalism. In addition to the above listed causes regarding the flashover on an 
electrical insulator, the arc plasma column leakages are also due to the damages caused by 
the overheating effects, dust, dirt, oil, and salt exposure, moisture and debris built upon an 
air insulator especially on the overhead lines where the power distribution systems or 
networks are built too close to a marine environment. In a case that the arc plasma column is 
severe enough it might even lead to the supporting wooden pole in fire. It is also worth to 
mention that the insulator failures are due to lightning strikes under especially heavy rains 
and heavy snow falls conditions together with very strong storms. Nevertheless as depicted 
in Fig.1b a composite insulator arc type was scrutinized in a laboratory experiment where it 
was found that this particular arc kind was indeed a RF-signal generator. As it has been 
captured by the directional antennas this specific arc hazard EM radiated waveform is 
presented in Fig.2 (see red color) together with its related dominant frequency spectrum 
contents bandwidth shown in Fig.3 (see red color).  
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2.4 Electric arc conventional model  

          An electric arc is defined as an unexpected discharge of the electric current plasma 
column in a non-conducting medium which becomes conducting under the pressure of the 
ionized gas cloud contained within the arcing surrounding space zone. It follows that during 
the course of the air molecules ionization process a huge amount of electrons and ions are 
produced and their chaotic collisions to each other hence sustain arc plasma column in a 
continuous process. The notion of electric arc was first introduced to study the CB operations 
in terms of arc fault clearing capability [8,75,85,102]. Compared to the current value and 
level or setting at which these traditional switchgears are made operational, it follows that 
the lower arc overcurrent rate remains in the system without being detected. Eventually in a 
circumstance like this the fault protection relay will fail to trigger  the CB in order to isolate 
the faulty section from the rest of the network on one hand, and on the other hand in the 
case of the protection fuse it will also fail to disconnect the faulty section.  

In order to study the power arc Mayr and Cassie have introduced two significant models 
which establish a relationship between the arc conductance, the arc voltage and the arc 
power. Mathematically put the formulation of the two models are (2) for Mayr arc model and 
(3) for Cassie arc model [8,75,85,102]. 

 (2) 

 (3) 

where  is the arc current,  indicates the arc voltage,  is the arc cooling power,  is the 
arc conductance,  is the arc time constant and finally  the constant system supply voltage.  

2.5 Electric arc electromagnetism based model 
         

  Referring to the limitations and drawbacks encountered by the traditional fault protection 
schemes, it is obvious that instead of monitoring either the system supply load current or the 
system supply constant voltage pattern or the system distribution line impedance, this new 
arc detection, location and isolation involves exclusively the arc radiated EM waves. Thus 
even at its earlier stage the electric arc can generate much significant RF-signals which can 
be captured at a relatively remote distance using the directional antennas. Bearing in mind 
that at the arc earlier stage its related overcurrent is so low that it remains in the system 
without being noticed or detected by the conventional switchgears. Based on literature the 
arc RF-signals can vary from very low up to ultrahigh frequency bands [39,50-51,89,93]. In 
fact it is of interest to notice that the radio frequency spectrum starts from 10 kHz and spans 
up to 1000 GHz, and the power arcing fault frequency spectrum ranges from more or less 
from 30 kHz up to 3 GHz. Thus nowadays each of the radio frequency band can actually be 
detected using an appropriate wireless sensor device. Therefore the feasibility of dealing with 
the arc EM radiated waves can be seen as a promising feature.  
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Mathematically modelled the arc EM radiated electric field  which is propagated and 
attenuated along the distance  through which it travels at a speed of light  when a free 
space medium is assumed and in addition depending on the arc plasma overcurrent length 
component in the direction of -axis is given as [8]: 

 (4) 

where  is the phase angle between the transient arc current  and electrical field and  is 
the free space medium permittivity. From (4) the integral portion implies that the total 
variation of the arc current  on the element length component  is derived as: 

 (5) 

The equation (5) indicates that the time-varying arc transient current plasma column is 
made of the sum derivative of the current component in both space and time. Under a steady 
state propagation phenomenon , and the arc radiated electric field  is reduced 
to [8]:  

 (6) 

Eventually taking in consideration the solution of the integral portion of (6) yields to [8]:

 (7) 

where  is the electric arc steady state EM radiated waves’ propagation speed, 
otherwise it is equal to the speed of light in a free space medium. In fact in a medium 
different than the empty space, the permeability  and permittivity  are multiplied by 
their corresponding relative value  and . This will lead to the EM waves’ propagation 
speed  to be less than the speed of light  because the new medium properties will 
eventually influence the EM waves’ propagation in a deceleration manner.  i = imax - io,
where io is the current associated with the primary breakdown phase before the development 
of the transient arc and imax is the peak current at the beginning of the propagation. 
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CHAPTER 3. ELECTRIC ARC LOCATION METHODS 

3.1 Electric arc fault radiated signal frequency content 

          As previously discussed the power arcing fault induces the RF-signals because of its 
related transient current. The radiated arc signal waves appeared to be distributed in a form 
of a waveform pattern. In the laboratory experiments performed, as they have been captured 
by the strategically distributed antenna arrays, these power arcing  EM waveforms were 
recorded using a digitizer and with the aid of a microprocessor computer it was possible to 
process the above mentioned waveforms eventually by using several signal processing tools 
prebuilt in a Matlab programming package. These arc EM radiated waves in a time varying 
waveforms patterns carry along the distance through which they travel through empty space 
(in a manner other than the signal loss of sight), an energy intensity component which 
frequency spectrum contents vary accordingly from VLF up to UHF bandwidth contents as 
depicted earlier in Fig.3. As aforementioned the arc frequency spectrum contents as they 
have been measured during this doctoral research project were consistent with several 
literature references (see [3,25,28,43,47,49,50,52,53,56,58,86]).  When these arc EM 
radiated waveforms are undergone FFT the signal amplitude together with its related 
dominant frequency contents in conjunction to its electrical phase angle is obtained as 
follows: 

 (8) 

where  is the integer sequence, , , and  are known as Fourier 
coefficients and they are calculated from the signal  radiated by the transient arc. 

 represents the fundamental frequency (where  ) of the signal , with 
being the signal total propagation period. If the signal is assumed to be a periodic function, 
then the multiples of   (that is , 3 , 4  and so on) are known as harmonic 
frequencies of . It follows that from (8) the above mentioned Fourier coefficients are 
derived as  

 (9) 
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Finally the signal peak factor  also known as the crest factor is calculated as the maximum 
value divided by  which is equal to . However all the signal waveform key terms are 
often used to describe the feature of any signal waveform pattern for better understanding of 
the signal propagation phenomenon and characteristic in term of the signal behavior. 
Nevertheless depending on the considered individual signal key term or information hence a 
specific arc source point location system algorithm is addressed in detail in publications 

. As aforementioned the arc signal waveform shown in Fig.2 was scattered into 
windows in order to only extract the signal first arrival cycle and the rest of the signal was 
discarded because been contaminated by the reflected noise interferences bouncing from the 
anechoic measurement room walls, roof, and floor surfaces. Thus the integration of this 
signal waveform square within the first cycle window over the time gives the signal relative 
energy intensity content at that particular instantaneous frame of window. Mathematically 
this is formulated hence as: 

 (10) 

It follows that as radiated from the emission source point the EM wave energy intensity 
attenuates along the distance through which it travels upon reaching the antenna location, 
thus such behavior of the radiated EM waves is known as an inverse square law (ISL) given 
as , where  is the energy intensity absorbed by the antenna,  is the distance 
between the arc source point and the antenna location, and finally  is the energy intensity 
radiated by the arc source point. It is of interest to mention that ISL was mainly addressed in 

. Thus this particular arc location algorithm is termed Energy-method here in this 
doctoral research project. Next the arc RF-signal instantaneous peak value was hence 
considered for another algorithm which involves the signal first peak of arrival (FPA) time 
information used to enhance the arc source position solution. This gives rise to the 
denomination of so-called FPA-method as it has been developed in . Another useful 
technique in pinpointing the arc source point location as essentially detailed in  consists 
of measuring the instantaneous value which corresponds to the signal threshold point of the 
maximum peak value contained in the waveform first arrival cycle window. Thus the leading 
edge threshold point of the waveform was measured at 10% of the first cycle window period. 
Eventually this alternative means of the arc location system algorithm is known as leading 
edge of the first peak amplitude of arrival (LEFPA)-method. Further as four identical 
directional antennas were used during these series of experiments to capture the arc signal, 
thus the signal times differences of arrival (TDOA) between pair of antennas were calculated 
to enhance the measured ASCC. In order to achieve this arc location system solution a 
specific signal processing tool was undergone namely a cross-correlation function (or xcorr 
function) hence the arc location system algorithm termed xcorr-method. Bearing in mind 
that this specific location technique was essentially discussed in . It is worth to notice 
that the time information corresponding to the FPA value is known as signal time of arrival 
(TOA). Nevertheless with the knowledge of TOA and TDOA it was possible to derive the arc 
angle of arrival (AoA) at the strategically distributed antennas array. Thus the values of AoA 
were used to enhance the ASCC as this novel technique of the arc location system algorithm 
was developed in detail in . Furthermore based on the real field measurement challenges 
earlier discussed, cautions were taken to filter out the possible free space white noise 
interferences from the actual arc RF-signal of interest. In order to achieve reliable result 
another signal processing tool was undergone such as the wavelet analysis, giving rise to a 
new arc location system algorithm termed wavelet-method as it has been addressed in detail 
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in . However the arc fault detection and location systems algorithm models as briefly 
introduced and defined above are summarized in a programmable flowchart illustrated in 
Fig.6. As shown in this figure it is obvious that the step taken by each arc location system 
methodology could not be achieved without any programming tool. For this reason this 
doctoral research project attempts to propose a basic principle of the electric arc location 
solution software development. The first step consists of the collection of some of the arc 
related data, including the instantaneous value of the arc fault EM radiated wave as it has 
been captured by the strategically distributed antenna arrays located for instance at each 
power systems substation as depicted in Fig.7. In fact the collection or arc data acquisition 
consists of the first stage of the proposed program. Then a decision has to be taken in 
choosing a particular arc location model algorithm accordingly to the signal waveform key 
parameters earlier discussed above. Based on the selected methodology a signal processing 
analysis is undertaken in providing the useful information including either the values of 
TOA, or TDOA, or LEFPA, or Energy intensity content or AoA. Next the measured ASCC 
solution is computed via a least square iteration method which is eventually another 
sequence of the program under the analysis step. Further another decision has to be taken 
again. Thus the solution of the measured ASCC converges or diverges. If the answer is NO, 
the program returns to the method selection stage for improvement purpose. Otherwise if 
the answer is YES the program continues to the next step, which is made of the comparison 
of the measured and actual ASCC. Here another decision has to be made. Thus the deviation 
or the mean square error (MSE) derived from the ASCC comparison is consistent or not. In 
other words is MSE bigger than 10%? If the answer is YES the program looks again for an 
improvement and that is the end of the second stage of the program. In contrast if the 
answer is NO the arc fault location is completed, hence the end of the third stage of the 
program. However as the programmable flowchart is designed as a proposal logical software 
development, therefore it requires some additional steps like the arc data diagnostic and 
validity in order to avoid conflicting between the data provided by this flowchart and those 
provided by the existing SCADA system which might already be stored in the random access 
memory (RAM) of the microprocessor. In a circumstance like this a useful decision sequence 
step should be required as: are the data provided valid and consistent? Meaning are they 
correct or incorrect? In both cases either YES or NO, another complementary or additional 
action is required. However as in a real field condition the actual ASCC is not known in 
advance, therefore in such situation the ASCC comparison step should be removed from 
future programmable flowchart. 
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apparently complex decision sequence. But such is the rapidity of the microprocessor 
operation that this is still achievable quite very quickly. Bearing in mind that a seemingly 
simple stage in the program might require many instructions steps before it is completed and 
therefore in order to be able to appreciate such approach to programming a microprocessor 
should involve at least two major steps. The first step will be in determining of several 
procedures for estimating the interrelated stages as earlier depicted in Fig.6, such that each 
of which will perform a decision routine. In addition the second stage is to write or design 
the program for each of the above discussed stages. Once the various program stages have 
been designed then they have to be combined to make the entire complete operational for 
the microprocessor system. However the arcing fault EM radiated waveforms which carried 
the useful information key terms earlier defined are detailed in the following section. Thus 
each arc location systems in clarifying the EM radiation source position solutions are further 
explained.  

3.3 Time difference of signal arrival estimation methods 
           

The signal time difference of arrival (TDOA) has been the preferred method of choice for 
high accuracy fault location since the advent of radar technology [4,7,23,30,62]. Thus the 
global positioning system (GPS) is actually based on the TDOA concept. Further most of the 
EM source location systems proposed by the location and monitoring service (LMS) in the 
telecommunication field are all based on the TDOA method. Nevertheless the TDOA 
estimation as it has been addressed in detail in  can be achieved using either an 
xcorr-method, or FPA-method, or LEFPA-method, or Energy-method, or Wavelet-method. 

3.3.1 Xcorr method for the arc signal time delay estimation 
         

  An accurate estimation of the time delay between pair of antennas captured signals plays an 
important role in number of applications in a signal processing theory. Thus several 
procedures for estimating the time difference of arrival (TDOA) have been proposed and 
implemented for past decades which involve the cross-correlation (xcorr) function which 
could be found in [5,9,59,60,63-67]. In addition to an xcorr function these literatures also 
provide a hint under the xcorr function concept or aspect that using a unit impulse response, 
a smooth coherence transform and a maximum likehood function similar time difference of 
arrival derivation can be achieved. However the benefit of using TDOA in deriving the 
solution of the arc source point ASCC is that under a real field measurement conditions, the 
arc events or starting times are usually unknown and unpredictable. Thus the TDOA is 
sufficient and essentially suitable for enhancing the power arcing fault source point position 
solution without the knowledge of the arc starting event. Bearing in mind that such 
technique is referred as a triangulation method. As aforesaid the TDOA can be calculated via 
an xcorr function. And the basic principle and aspect of the xcorr method definition and 
description is illustrated in detail in . Referring to this figure it follows that the 
estimation of the time difference or simply the time delay  requires at least two antennas in 
providing a pair of signals. Assume that the signal which is absorbed by the antenna 1 is 
denoted  and the one that is captured by the antenna 2 is termed . Bearing in mind 
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that  and  are the same signal except that they are delayed by the time difference 
because the two antennas are not located at the same distance. Let assume that the signal 

 is absorbed through a distance  and the signal  has been captured at a distance 
such that  is smaller that  or simply , therefore the signal  will be the exact 
replica of  but it has been delayed by the time difference  where  is the 
speed of light. Nevertheless the formulation of the two signals  and  is given as [9]

 (11) 

where  is the signal amplitude attenuation factor which is strongly dependent of the 
distance difference through which the signals travelled. Next the Gaussian noises per signal 
are given as   and  respectively for the signal  and . In fact the Gaussian 
random noises carrier are actually uncorrelated with the arc signal of interest . Further 
when the two signals  and  are undergone a cross-correlation function hence the 
value of TDOA to be equal to . In practice this value of  appears 
to be located at a maximum peak instantaneous value or point of the xcorr function which 
eventually varies accordingly to the time. Mathematically derived the xcorr function is 
expressed as [9] 

 (12) 

where  is the signal propagation total period,  is the time shifted between the pair of signal 
 and  which occurs as aforesaid at the maximum peak amplitude of the xcorr 

function given as . Thus the derivative of over the time at the point  is zero. 
Nevertheless with the aid of Matlab programming the graphical derivation of xcorr value is 
made available and the calculation detail could be found in [ ]. Bearing in mind that paper 
[P1] shows a graphical estimation of TDOA or the time delay  between the pair of signals 

 and  which underlines the concept of the xcorr function. And the overall outcomes 
results of the TDOA derived from each pair of signals are presented in detail in [ ].  In fact 
it can be seen that the TDOA values are given as  where the subscripts  and  stand for 
antenna  and antenna . Since four antennas were used therefore the related six pairs values 
of TDOA were derived as follows: , , , ,  and .

3.3.2 FPA method for the arc time delay estimation 
        

   Another time difference of arrival estimation involves the use of FPA instantaneous value 
of the signal waveform. Thus the arc signal waveform instantaneous value corresponding to 
the maximum peak amplitude contained within the signal first cycle window frame was 
extracted, and the rest of the signal unlike the xcorr method was discarded because it is 
assumed to be contaminated by the reflected signal noise interferences also known as 
Gaussian noise carrier. Pictorially depicted in [ ], it is observed that the signal waveform 
curve is plotted as a function of the corresponding discrete sampling number. Therefore a 
conversion of the discrete sampling number into a time base is required in order to derive 
the so-called signal relative values of time of arrival (TOA). However it follows that the time 
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and the sampling number  are related according to the relationship given as 
. Where the subscript  indicates the  signal captured by the antenna . Since four 

antennas were used therefore  Thus the corresponding relative values of TOA are 
termed . And the related sampling number is given as . Eventually  is the signal total 
period while  is the corresponding total sampling number. Next taking the algebraic 
difference between pairs of TOA hence the values of TDOA as presented in detail in [ ].

3.3.3 LEFPA method for the arc time delay estimation 
       

    Similarly to the FPA-method but without using the time value which corresponds to the 
maximum peak amplitude, the notion of the threshold time was introduced here in the 
LEFPA-method. First the signal first cycle window frame was extracted. Next the threshold 
point was settled at 10% of the first cycle time period, hence the signal rising time also 
known as the threshold time. Keeping in mind that at the threshold point the signal 
corresponding sampling number is given as  as depicted in [ ]. Obviously like in the case 
of FPA-method the value of  was converted into time domain  which is the relative value 
of the signal TOA. From TOA in as similar manner as previously described above the values 
of TDOA were finally made available as illustrated in detail in [ ].

3.3.4 Energy method for the arc time delay estimation 
        

   The power arcing fault energy based detection and location system as earlier formulated in 
(10) is graphically depicted in [ ]. From this figure in [ ] it is observed that the arc relative 
energy carried by the radiated RF-signal wave first cycle window frame consists of the area 
underneath the square of that window’s waveform curve. Having obtained this way the 
relative arc signal energy intensity as it has been absorbed by the antenna located at a 
relatively remote distance from the arc source point, the inverse square law (ISL) was 
exploited to derive the corresponding relative distance between the arc plasma column and 
the antenna. Bearing in mind that the ISL expressed as earlier mentioned the proportionality 
relationship between the energy intensity or magnitude and the inverse square distance, 
hence  where  stands for the energy,  indicates the distance and  is the symbol of 
the proportionality relationship. In fact the detail of ISL for the derivation of either  or  in 
conjunction with the solution of the EM radiated waves’ source point position could be found 
in [8,12,19,34,35,54,57,96-100]. Next a curve fitting technique was exploited using a prebuilt 
curve fitting package in the Matlab program or software. The graphical illustration of this 
algorithm is found in [ ]. From this curve fitting figure it is apparent that the 
proportionality relationship between  and  was reformulated in term of linearization 
purpose eventually giving rise to a logarithmic distribution expressed as  

 (13) 

where  is a random logarithmic distribution factor also known as the slope of the 
linear (or near linear) curve. The intercept of the logarithmic distribution function is termed 

 which varies between  and . Thus the subscript  indicates the  antenna 
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placement. Next the distance derived from (13) was estimated as . However 
from each value of  it was possible to enhance the values of TOA under the relationship 
expressed as , where  is the speed of light. Obviously from the values of TOA, the 
required values of TDOA were provided as presented in detail in [ ].

3.3.5 Wavelet method for the arc time delay estimation 
        

   A wavelet analysis was considered here in this doctoral thesis in order to de-noise the 
power arcing fault radiated RF-signals which were captured by the strategically distributed 
antenna arrays. Thus the RF-signals waveforms were undergone a scaling operation process. 
This procedure includes the signal dilatation process followed by the signal compression 
process. Thus the two actions reduce the arc signal in both high and low frequencies scales. 
Having selected the suitable mother wavelet as a reference signal waveform a translation 
procedure of the arc RF-signal was done accordingly to that reference Daubechies mother 
wavelet waveform, giving rise to the RF-signal TOA information required. In fact this wavelet 
analysis consists of small waveform with a limited duration and a zero mean value. Thus this 
waveform starts from zero, then oscillates in amplitude and decays to zero again and so on. It 
follows that a wavelet works similarly to the Fourier transform which scatters any signal into 
a sinusoidal waves which have in turn various frequency modulated components. Bearing in 
mind that the wavelet breaks up the signal of interest into shifted and scaled versions of the 
original (or mother wavelet) components. Thus this process of the signal shifting and scaling 
is known as the signal decomposition as graphically depicted in [ ]. In fact it appears that a 
mother wavelet when denoted as  is assumed to have a property expressed as [14,42,78]

 (14) 

Thus the continuous wavelet ( ) of a continuous signal  consists of a family of shifted 
and scaled wavelet which is associated with the mother wavelet  given as  

 (15) 

where  is the shifting operator,  is the scaling function and  indicates the complex 
conjugation. Bearing in mind that the value of  represents the similarity extent between 
the examined section or window of  and the scaled and shifted wavelet, such that the 
greater value of  is, the more energetic it is, and the higher the similarity between the 
wavelets and the original mother wavelet waveform is. Nevertheless the analysis and 
synthesis in multi-resolution signal decomposition in discrete wavelet transform (DWT) is 
illustrated in [ ]. Referring to this figure has presented in [ ], x[n] is the electric arc EM 
radiated signal to be de-noised. In other words the arc signal de-noising process consists of 
splitting the signal into both high and low frequencies components by the aid of filters 
and  respectively. Then this process is followed by the down sampling and so detail 
coefficients (high frequency) and approximation coefficient (low frequency) are achieved. 
From the signal decomposition aspect as discussed in detail in [ ] it also follows that the 
indicators ,  and  are the details coefficients levels 1, 2, and 3 respectively. 
Whereas  is the approximation coefficient at level 3. As earlier shown in [ ] the arc RF-
signal was split up to 8 decomposition levels and an approximation at level 8. Thus from the 
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amplitude level of each decomposition level and waveform shape resembling to the original 
mother wavelet signal the de-noised arc RF-signal was reconstructed by selecting the 
approximation component  only. All the other decomposition of the signal at all levels 
were discarded. Next the DWT procedure was selected only for the first cycle signal window. 
Thus the rest of the signal was eventually discarded as shown in [ ]. However it follows that 
after extracting the useful signal window its related values of TOA were calculated in 
conjunction with the required values of TDOA as presented in detail [ ].

3.3.6 Time delay estimation in frequency domain 
       

    Without working in time domain, the values of TDOA can also be derived in a frequency 
domain and below is a brief description of this algorithm. The basic principle consists of 
finding first the frequency delay between a pair of the arc RF-signal waves’ frequency 
spectrum. Then the value of the frequency is converted into a time base. A clear explanation 
of this particular algorithm could be found in [3,25,28,43,47,49,50,52,53,56,58,86]. 
Nevertheless under the concept of Fourier series, the signal frequency spectrum is given as 

  (16) 

were  is the angular harmonic frequency with  the signal sampling frequency. 
Bearing in mind that  with  is the signal period. It follows that the signal wave 
number is given as  where  is the signal wavelength. In fact the arc RF-signal of 
interest is indicated as . Eventually using Parseval’s formula the arc RF-signal energy 
intensity contents is derived as 

 (17) 

It should be noticed that (17) is the frequency domain version of (10). Nevertheless with the 
aid of Fourier series the frequency offset for each individual antenna captured RF-signal can 
be measured this way. Thus taking the algebraic difference between pair of frequency offsets 
hence the required frequency delay. It is obvious that the simple manner of deriving the 
frequency delay is to compute directly the FTT of the xcorr function earlier given in (12) and 
thus yields to  

 (18) 

where  is the cross-spectral function of the cross-correlation function .
Similarly  is the cross-spectral function of the autocorrelation function  and 

 is the cross-spectral function of the signal  contaminated by the Gaussian noise 
carrier . Bearing in mind that the transient arc transmitted signal is assumed to be 
uncorrelated with the noise interferences hence 

 (19) 
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where  is the phase delay between the signal  and . Next when assumed the 
function  to be equal to  which is the phase of the cross-spectral function  thus the 
derivative of  in a frequency domain gives rise to  

 (20) 

where  is the slope of the phase function . Finally from (20) the frequency offset delay is 
calculated as . However the advantage of performing the cross-correlation in a 
frequency domain is that it involves less calculations. Further it does not require a priori 
filtering of the signals  and  before making their xcorr function. In contrast the 
drawback is that for a fixed sampling frequency, the maximum time delay which can be 
measured depends upon the length of the FFT. In practice the FFT has a length of 1024 or 
2048 discrete values. If it is calculated for a longer length then its complexity and number of 
calculations increase dramatically. Thus it is not suitable for measuring a time delay from 
signals of a large sampling number since the xcorr function will double the sampling number 
by adding together the two signals for each pair into a single one waveform.  

3.3.7 AoA method for the arc fault location system 

         The angle of the signal arrival (AoA) technique was first developed and introduced for 
the army organization and later it has been applied for the mobile telecommunication 
system. The most common version of this particular method is known as a small aperture 
direction finding which requires a complex antenna arrays at each of several sensors like 
cellular location sites. Thus the antenna arrays consist of four or even more antennas having 
a spacing distance between them of at least one wavelength. These antenna arrays were in 
turn used to determine the signal propagation angle as it travels through empty space (or 
free space) from the emission source point directly toward the antennas. The detail of the 
AoA feasibility in deriving the EM emission source location can be found in [6,13,17,20-
22,24,29,30,41,48,71]. Nevertheless in this research project the arc signal bearing angle or 
simply the arc signal angle of incidence was addresses as essentially discussed in  for an 
enhancement of the arc source point solution. This specific method includes TOA, TDOA and 
the captured arc signal energy amplitude or magnitude. During a series of experiments 
conducted in this work four identical directional antennas were used. However a geometry 
upon which the arc radiated RF-signal angle of incidence is derived is depicted in detail in 

. It is worth to mention that this figure consists of the antenna placement 1 and the 
figures for other kind of placements could be found in . Nevertheless in this figure it is 
observed that the antennas are horizontally disposed. From this particular antennas 
configuration three pairs of antennas were considered in deriving AoA. These pairs are 
follows: antennas 1 and 2, antennas 2 and 3 and antennas 3 and 4. Next at each pair 
barycenter point were drawn an orthogonal line. Giving rise to the centers points O for 
antennas 1 and 2, G for antennas 2 and 3 and P for antennas 3 and 4. Bearing in mind that 
the arc source is termed S. Further three segments including each barycenter point and the 
arc source point were drawn. As a result three angles of the arc RF-signal incidence were 
made available and these are: angle  is formed at the barycenter O between the orthogonal 
line and the segment [OS], thus in a similar manner the angles  and  were formed 
respectively at the barycenter points G and P. In addition to the above angle a fourth angle 
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namely  was derived as a resultant of the projection of the segment [GS] on the -plane or 
surface. Furthermore using a basic geometry theory related to a triangle laws on one hand 
and with the knowledge of the values of TOA and TDOA on the other hand, it was 
straightforward to derive the values of , ,  and  as illustrated in detail in .
Nevertheless the mathematical algorithm steps which underline the derivation of the above 
mentioned four angles could be found in . However having briefly explained and 
demonstrated the estimation of the arc RF-signal TOA, TDOA and AoA, in the framework of 
each proposed fault location system, the power arcing EM radiated waves’ source ASCC 
solution algorithm formulation is underlined and briefly described in the following section. 

3.4 Arc fault location algorithm formulation 
       

    As discussed above, except AoA method the other five arc location systems models rely 
solely on the values of TDOA for the arc EM radiated waves’ source solution. Under real field 
measurement conditions the electric arcs hazards events are actually unknown a priori, 
because the electric arcs are in fact unpredictable. Therefore it is suitable to rely on these 
arcs RF-signal time differences of arrival at which they were captured by the distributed 
antennas structure instead of using the relative values of TOA. Since the antennas were 
located at different positions it is obvious that they will capture the arc RF-signals at a 
different timing stamps, meaning at a relative time intervals. Thus from these times delays 
the arc solution could be achieved via a mathematical triangulation algorithm as it has been 
developed in [68,69,70,72,73]. A good example of such triangulation technique is depicted in 

. Ideally the triangulation technique in this particular case where only four identical 
antennas were used, consists of finding the arc source location at a point where four circles 
centered at each antenna position intersect, bearing in mind that each individual circle has a 
radius the distance between each antenna and the arc source point. It is worth to mention 
that this specific ideal case is only valid if the arc hazard event or starting time is known in 
advance. But in reality this is not the case. Therefore the values of TDOA instead of TOA are 
required. For this reason the triangulation model as it has been proposed in this research 
project involves both the vector position variable  and  respectively for the arc source 
point termed  and the  antenna indicated by the subscript  on one hand and on the  other 
hand a nonlinear vector function  which relates these above two vectors positions 
variables. In addition to the above mentioned vectors positions variables and nonlinear 
vector function involvement the distance between the reference antenna termed  and each 

 antenna also plays a critical role in the triangulation algorithm. As earlier said a reference 
antenna is the one which is located closest to the arc source point. However the relationship 
between the vectors position variables and the distance which forms the nonlinear function 
is given as

 (21) 

where  is the distance between the arc source point S and the  antenna. Thus the 
arc source ASCC are termed  and the  antenna Cartesian coordinates are 
given as . Eventually  is the difference in distance to the source between 
the  antenna and the reference antenna . It follows that , where  is the 
speed of light when a free space medium is assumed. Unlike drawing four circles for the ideal 
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case, here the triangulation is numerically solved to enhance the arc fault ASCC solution. It 
follows that here in this thesis a Newton-Raphson least square iteration method was adopted 
to be much suitable for enhancing the arc fault ASCC solution in 3D Cartesian plane as 
detailed in [ ]-[ ]. In fact the ASCC solution consists of solving or finding the values of 
under the assumption that . In other words the zeroes of the nonlinear system of 
four equations having three unknown were derived via a least square iteration in providing 
the measured values of ASCC. In fact the implication of (21) is that  should converge 
after a certain number of iterations when running the algorithm. Due to the time consuming 
in solving (21) therefore it was programmed accordingly to the programming sequence 
discussed earlier in the above section 3.2. However the arc fault EM radiated waves source 
ASCC as they have been derived from the solution of (21) per method and per antennas 
placement are summarized in . For a graphical illustration purpose of the 
measured ASCC distribution around the actual ASCC can be visualized in both 2D and 3D as 
depicted in [ ]-[ ]. Nevertheless unlike the xcorr-, Energy-, FPA-, LEFPA- and Wavelet- 
methods the AoA method provides an alternative technique in solving the solution of ASCC. 
Thus this time without using (21) the nonlinear vector function includes the values of the 
angles  and  hence  

 (22) 

Similarly to (21), the nonlinear function (22) was solved using Newton-Raphson least square 
iteration. However a close observation of both 2D and 3D as depicted in [ ]-[ ] shows the 
potential of the proposed methods in clarifying the arc source point solution in the sense that 
the measured ASCC distribution around the actual ASCC belongs to a unit circle and unit 
sphere with both centered at the location of the actual arc source point. Thus the 
aforementioned arc location systems reliability in terms of uncertainty and probability is 
quite reasonable as expected. 

3.5 Evaluation of the arc fault location systems
          

 In this section the arc location and detection systems and models are evaluated. Thus the 
measured arc ASCC distributions around the actual ASCC in terms of deviations are 
estimated in order to determine the influence and accuracy of each method per antennas 
placement according to the observed deviation or error in ASCC pattern. Further depending 
on the measured ASCC deviations from the actual source point, the proposed arc fault 
location systems and models are compared to each other in order to determine the most 
suitable arc fault hazard detection and location model. Similarly the antenna placements 
were also compared to each other for the enhancement of the better antenna configuration 
or disposition. It follows that either the location methods or the antenna placements 
comparison requires a comprehensive comparative mathematical statistical analysis. 
Therefore this comparison was achieved through a multiple linear regression (MLR) and the 
analysis of variance (ANOVA) which appear to be much suitable in this research project 
experiment for the following reasons: (i) both statistical analysis methods include the F-test 
and the T-test as the two tests propose useful hypothesis commonly known as the null 
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hypothesis. Thus the T-test addresses the comparison of the mean or average values of a 
population data set, whereas the F-test provides the weighing of the population data set 
variance values. Next (ii) both methods include the probability distribution function which 
establishes the relationship between the above mentioned mean and variance values on one 
hand and on the other hand the actual deviation under test. Finally (iii) Based on the 
probability distribution function the arc location system reliability function in conjunction 
with the system failure function can be estimated. From the above listed reasons it follows 
that the best and convenient manner of making the methods and placements comparison is 
to measure first the earlier mentioned ASCC deviations which are generally referred as the 
mean square error (MSE) given as  

 (23) 

where  is the mean value function of the parameter  which is in turn the measured 
ASCC deviation variable either per method  or per placement , whereas  is the related 
cumulative number of deviations. The denominators  and  indicate respectively the 
number of observations and the number of parameters. Practically (23) implies that the MSE 
measures the distance of the model estimated from the actual data set when the number of 
observations and the population number of parameters are fitted in the designed model. In 
other words how far the measured ASCC are deviated from the actual ASCC. The explanation 
and understanding of such measured ASCC distribution pattern could perhaps be found in 
the earlier mentioned two comprehensive comparative statistics. However as derived from 
(23) the values of the MSE were calculated as presented in detail in . In addition to the 
values of MSE, their related statistics per method and per antennas placement were also 
computed as shown in  as well. These statistics are the standard deviation , the variance 
var= , the mean or average value , the maximum max and the minimum min. Bearing in 

mind that the formulations of , var and  are given as ,  and 

var= . In addition the maximum and the minimum are defined as follows: assume the 
population of the MSE data set, the function  has a local maximum at a point  if 

. Similarly the function  has a local minimum at the point  if 

. However having derived the values of  and  required the F-test can 
be straightforward estimated. As earlier said the F-test consists of comparing the values of 

, thus underlines the differences in variability among the data set of the MSE population 
either per method or per antennas placement obviously under the concept of the related null 
hypothesis expressed as  

 (24) 

where  is the calculated value of F-test,  is the critical value of F-test provided by the 
model,  and  are respectively the values of the variance per method  and per antennas 
placement . One should notice that the F-test is computed as  or . As a 
result the calculated values of F-test per method and per antennas placement are presented 
in detail in Table 1 under the denomination of .
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Table 1 Anova results 

Source of variation 
Method SS df MS P-value

MSE 0.798 5 0.16 1.315 0.298 2.711 
Error 2.428 20 0.121 - - - 
Total 3.276 29 - - - - 

Placement SS df MS P-value
MSE 0.049 4 0.012 0.102 0.981 2.866 
Error 2.428 20 0.121 - - - 
Total 3.276 29 - - - - 

Bearing in mind that the values of F-test were computed at 5% significance level. It is worth 
to notice that in that table SS stands for the sum square of the measured variability in MSE, 
df indicates the degree of freedom, while P-value addresses the probability of MSE occurring, 
MS is the mean square of the variability in MSE. The interpretation of this table is that the 
measured  should be compared to  and the null hypothesis. In fact the implication of 
the null hypothesis is that either the measured value  is less than  thus the deviations 
between the measured and actual ASCC are not due to neither to the method been used or 
either to the antennas placement on one hand and on the other hand if the measured  is 
bigger than  hence the variability in MSE is caused by both the method or the antennas 
placement or by both of them simultaneously. In addition to these two null hypothesis 
another useful consequence which should be derived is that  per method (  needs to be 
compared to the  per antennas placement ( . Thus  implies that the MSE 
variability is due to the proposed methods rather than the antennas placements. Similar 
implication is also valid for  and this time the variability in MSE is due to the 
antennas placements instead of the method been used. Nevertheless similar implications, 
conclusions and consequences are also valid under the null hypothesis provided by the T-
test, but unlike the F-test the T-test null hypothesis involves the comparison of the mean or 
average values of the MSE. Thus the formulation of T-test is given as 

, where  and  are respectively the 

MSE average values for the proposed method  and the antennas placement . Thus the T-
test related null hypothesis are expressed as  

 (25) 

However from Table 1 it is obvious that for both the proposed methods and the antennas 
placement the values of the measured  appears to be less than . Thus the null 
hypotheses are rejected. But in contrast as it was demonstrated in detail in , where 

 implies that the variability in MSE is mostly due to the method been used. Although 
these null hypotheses provided by the F-test are rejected but their consequence implies that 
both methods been used and antennas placements have at some extent an impact on the 
deviations of the MSE, which is consistent with the probability outcomes provided by P-
value. In a sense that the proportion of the method in influencing the MSE deviation is 
29.8% while the antennas placements contribution is about 98.1%. Nevertheless in addition 
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to the T-test and F-test the box plot depicted in  is consistent with the conclusions drawn 
from the above discussed two tests. In the sense that from the observation of this figure there 
are several correlations between the variability in the mean values of the MSE according to 
the proposed methods or the antennas placements. However the partition of the MSE effects 
between either the methods or the antennas placements are clarified in the following 
sections. 

3.5.1 Multiple linear regression 
          

 Generally the linear regression analysis is addressed as a statistical process which relates the 
variables within a same data set or group. Thus in this experiment the data set consists a 
population of all the methods which been proposed per antennas placement. Whereas the 
dependent variables are given as the population of the MSE values. Thus the linear 
regression model helps to understand how the MSE values change or vary from one method 
to another according to the antenna placements. For this reason while the MSE values within 
one method will vary when the others will be kept fixed and so on. Thus the antennas 
placement effects or influence will be observed. Similarly the MSE value within one antennas 
placement will vary while keeping the others fixed and so on in order to observe the impact 
of each proposed method. Nevertheless it follows that this way will give rise to the 
enhancement of the estimation of the conditional expectation of the MSE variables within 
each method per antenna placement. Bearing in mind that the MSE variables are 
characterized around a regression function which is eventually described by the probability 
distribution function as discussed in detail in  where it was demonstrated that the MSE 
values follow a lognormal distribution which is given as  

 (26) 

where  is the logarithmic standard deviation,  is the variance value of  and  is 
the mean or average value of the MSE. It follows that under the concept the probability 
density function  as derived in (26), the formulations of  and  are given as 

 and . However with the knowledge of the probability 
function  of MSE in conjunction with the statistics mean value  and the standard 
deviation , hence the arc location system reliability function is given as  

 (27) 

From the equation (27) it should be noticed that the cumulative distribution function for the 
lognormal distribution in (26) is related to the standard normal derivate . Eventually the 
arc location system failure function is expressed as  

 (28) 

However the aforesaid regression analysis performance in practice depends on the form of 
the data set generating process, and how it is related to the regression model being designed. 
Since the true form of the data set generating process is generally unknown, thus the 
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regression analysis often depends to some extent on making assumption about the process. 
For this reason the suitable regression model as it has been proposed in this research project 
experiment is given as 

 (29) 

where  is the linear regression function which relates the measured and the actual ASCC, 
 is the value of the MSE per method and per antenna placement. Thus the slope of the 

regression line is indicated by  for each variable  and finally the regression line 
intercept is termed . Eventually the interpretation of the distribution of  around 
the regression line is done by the evaluation of the rate of change of the MSE indicated by the 
values of . In addition it follows that the regression model quite often is associated with 
some key parameters which underpin the goodness of the designed model namely the sum 
square error (SSE), R-square and the root mean square (RMS). 

3.5.2 Analysis of variance 

        The analysis of variance (ANOVA) is generally a collection of statistical models used to 
analyze the differences between any data set or group of population means and together with 
their associated procedure. Thus here in this doctoral research project experiment the 
population group is given as either the set of arc location methods or the antennas 
placements, whereas the related procedure consists of the variation in MSE among these arc 
location methods or the antennas configurations. Thus in the ANOVA setting the observed 
variance of MSE is partitioned into components attributable to either the methods used or 
the antennas placements. It follows that in its simple form the ANOVA should provide a 
statistical test of whenever or not the variance values of MSE either per method or per 
antennas placement are equal. In a circumstance like this the ANOVA should generalize the 
F-test earlier discussed and also detailed in . However in  it was demonstrated that 
within the population group of the proposed arc fault location methods, the impacts of these 
methods in MSE variability was partitioned as follows: 3% for xcorr method followed by 
respectively AoA method with 9% of error, LEFPA method with 17% error, the Energy and 
FPA methods with 21% error and the Wavelet method with 29% error. Next among the 
population group of the antennas placement 7% of the MSE were due to placement 1 
followed respectively by placement 2 with 13%, placement 3 with 20%, placement 4 with 27% 
and placement 5 with 33% of error. Bearing in mind that the higher error percentage 
provided by the antennas placements population group is quite consistent with the larger P-
value earlier discussed from the outcome results as earlier listed above. Nevertheless based 
on the deviations partitions in term of attributable error percentage it is evident that the 
xcorr method in conjunction with the antennas placement 1 has shown a distinctive feature 
compared to the other fault location methods or systems. Therefore a partial conclusion 
derived from the above discussed framework hence the xcorr method to be quite suitable in 
clarifying the arc fault location system, thus this particular arc fault diagnostic and 
monitoring system could be perhaps integrated to the OMS and / or DMS as part of the 
smart grid technology. However the interpretation of the overall results of the publications 
which underlines the accuracy of the arc fault location systems as discussed above is 
addressed in the following chapter. 
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CHAPTER 4. ARC FAULT LOCATION RESULTS 

Table 2: Difference (MSE) of actual and measured ASCC for various antenna placements 

Method 1 2 3 4 5

AoA 0.1748 0.2425 0.1026 0.2072 0.0857

Energy 0.7976 0.4809 0.1859 0.4532 0.1356

FPA 0.7934 0.4791 0.1906 0.4518 0.1386

Lead Edge 0.0326 0.2933 0.2245 0.0367 1.0119

Xcorr 0.0610 0.0639 0.0640 0.0640 0.0535

Wavelet 0.1610 0.3498 1.4059 0.7872 0.0306

4.1 Publication 1 – Cross-correlation Method 
          In this publication the measured arcing fault ASCC values deviate from the actual 
source point by almost 0.06 m or 6 cm regardless of the antennas placements. In fact the 
deviations of 6 cm are observed in the antennas placements 1, 2, 3 and 4. Whereas in the 
placement 5 the deviation is about 5 cm close to the actual source point. Such consistency in 
the deviation distance regardless of the antennas configuration places the xcorr method to be 
seen as the most accurate and precise arc location system among the other models. Further 
as discuss in detail in  it is evident that the maximum deviation appears to be equal to 6 
cm whereas the minimum deviation is about 5 cm. Even if the overall performance of the 
antennas placement 5 exhibits a higher percentage error of 33%, but in the xcorr method the 
impact of this particular antennas placement is quite low and distinctive. However the small 
spacing gaps distance or interval between the MSE maximum and its related minimum value 
is an indication that the xcorr method has shown its potential in clarifying the arcing fault 
source point solution. Bearing in mind that the aforesaid outcome results consistency 
concords as well with the statistical analysis which also indicates the impact and influence of 
the xcorr method contribution in the MSE variability which was almost insignificant at a 
level of 3% error only. 

4.2 Publication 2 – First Peak of Arrival Method 
          In this publication the measured ASCC values were deviated from the actual arc source 
point as follows: 79 cm, 48 cm, 19 cm, 45 cm and 14 cm respectively for the antennas 
placements 1, 2, 3, 4 and 5. From the observed deviation point of view it follows that this 
specific arc fault location model works at best in the antennas placement 5 followed 
respectively by the antennas placement 3, 4, 2 and 1. It is worth to notice that in a placement 
5 the antennas were vertically disposed or distributed relatively to the arc source position. 
Nevertheless the distribution pattern in the MSE variability accordingly to the antennas 
configuration concords with the statistical analysis outcome results in a sense that the FPA 
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method influences the MSE values at 21% of error margin, in conjunction with the antennas  
placements contribution in term of impact which oscillates between 7% up to 33%. Unlike 
the xcorr method, the FPA technique provides a relatively higher value of MSE when 
referring to its related maximum deviation which is equal to 79 cm. This contrasts with the 
FPA method related minimum deviation which is 14 cm especially in the antennas placement 
5. Although both maximum and minimum values seem to be quite higher than those 
provided by xcorr method but still they are much lesser than one meter, hence the FPA 
method to be addressed as a reasonable and accurate fault location model. 

4.3 Publication 3 – Leading Edge Detection Method 
          Here in this publication the random distribution of the measured ASCC around the 
actual arc source point provides the values of MSE in the interval of 3 cm up to 1.01 m. Thus 
the LEFPA location system presents a quite very low minimum value of MSE but in contrast 
the MSE maximum value is more or less around one meter. Thus indicates that the LEFPA 
method works at optimum when the antennas are strategically distributed in a geometrical 
configuration shown in placement 1. Unfortunately this arc fault location system presents a 
relative drawback when the antennas are disposed in a configuration illustrated in placement 
5. In addition to the above remarks the statistical analysis shows the LEFPA method 
accounting 17% of the error in the variability of the MSE total values which indeed is 
consistent with the above mentioned remarks. Nevertheless the MSE or ASCC deviations as 
they occur in the placements 2, 3 and 4 are almost smaller values namely 29 cm, 22 cm and 4 
cm respectively in the same order. Thus despite the fact that this particular arc location 
system presents a maximum deviation which is relatively close to one meter, thus this 
relatively higher deviation does not have a significant impact on the location method 
potential in indicating the power arcing fault position within a reasonable accuracy. 

4.4 Publication 4 – Energy Method 
          Using the Energy method for the detection and location of the power arcing fault gives 
rise to the distribution of the measured ASCC deviations from the actual source point as 
follows: the deviation of 79 cm in placement 1, 48 cm in placement 2, 19 cm in placement 3, 
45 cm in placement 4 and finally 14 cm in placement 5. Thus it seems that the Energy 
method related MSE values are almost similar to those provided by the FPA method. 
Nevertheless it is evident that this particular arc fault location system performs quite well in 
the antennas placement 5, configuration into which the value of MSE is at its minimum level. 
Bearing in mind that the MSE maximum value appears also in this specific arc fault location 
model. In fact the higher value of MSE is quite consistent with the classification derived from 
the statistical analysis where it was estimated that the Energy method is a contributor of the 
MSE variability at a level of 21% (percentage error). Thus since the maximum value of the 
MSE is less than one meter therefore the Energy method for the enhancement of the arc 
source point solution is regarded to be reasonably acceptable. 

4.5 Publication 5 – Angle of Arrival Method 
          The power arcing fault source positioning solution in this publication indicates that the 
deviations between the measured and the actual ASCC are influenced by both the AOA 
method and the geometrical configuration of the antennas array. Thus the contribution in 
the related MSE variability is partitioned as follows: from the antennas placement 1 up to the 
placement 5, the MSE values vary in the same order as 17 cm followed by 24 cm, 10 cm, 20 
cm and 9 cm. In fact these MSE values are quite consistent with the 9% of percentage error 
effect or uncertainty attributed to the AOA model during the statistical analysis procedure. 
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However a close observation of the values of MSE hence the potential of this specific arc 
location algorithm in clarifying the electric arc hazard position. It is clear that with such a 
small influence eventually shows that this special arc troubleshooting technique is more 
efficient especially in the antennas configuration depicted in the placement 5. Nevertheless 
since the deviations between the measured and the actual ASCC are quite smaller therefore 
there is a significant consistency with the comprehensive comparative statistical analysis 
which places the AOA system just after the xcorr location model.   

4.6 Publication 6 – Wavelet Analysis Method 
          In this publication the differences between the measured and the actual ASCC are 
randomly distributed as follows: 16 cm, 35 cm, 141 cm, 79 cm and 3 cm respectively for the 
antennas placements 1, 2, 3, 4 and 5. Thus the minimum deviation of the MSE is 3 cm and it 
occurs in the antennas placement 5. In contrast the larger value of the MSE appears to be 141 
cm in the antennas placement 3. Hence the Wavelet method to be working at optimum in the 
vertical configuration of the wireless sensors array relatively to the arc source position. 
Whereas the antennas configuration shown in placement 3 presents for some unknown 
reason a significant drawback. In other words the Wavelet method seems not to be quite 
suitable for the antennas placement 3. However the deviation of more or less than one meter 
is not alarming as aforesaid. In the sense that the indication of the arcing fault as provided by 
this specific model could easily be found by the fault burden crew onsite under real field 
measurement condition. Thus the time required to find the faulty section is relatively 
insignificant. For this reason similarly to the performance of the above listed arc fault 
location systems, the Wavelet method works at a relatively reasonable level of accuracy 
although the outcome results derived from the comprehensive comparative statistical 
analysis classified this particular arc fault location in influencing the MSE variability at a 
level of 29% (percentage error). 
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CHAPTER 5. CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

          This doctoral thesis has developed and discussed the electric arcing fault EM radiation 
source detection and location systems on the basis of radio measurements. The electric arc 
EM waves as they were radiated from a relatively remote location were monitored with 
directional antennas for the enhancement of the electric arc source point location solution. 
This novel electric arc troubleshooting technique could supplement the conventional power 
distribution system protection schemes. This doctoral thesis has discussed several types of 
electric arc hazards which are the most prevailing in the power distribution systems and 
networks. It follows from the discussion that regardless of the arc hazard type they all 
provide several similarities in term of their characteristics, properties, nature and behavior. 
For this reason this doctoral thesis work had made the choice to only study the most critical 
arc fault type and later extrapolate the outcome results onto the other kind of electric arcs. 
Therefore the study and investigation of the tree- power line arc type was the choice been 
made. It is important to notice that the other types of the electric arcs are the spark gap 
discharges, the flashover an electrical insulator, and the discharges in damaged cables or 
covered conductors. Interestingly among the aforesaid similarities which underpin all these 
arc kind, the most common one is that these arcs exhibit a high impedance fault type 
involving a single phase-to-ground or earth path. Since this kind of the single phase to 
ground fault is quite difficult and complex to expedite or suppress from the system, thus this 
reason had reinforced the choice been made in the selection of the tree- power line arc kind 
in order to demonstrate the feasibility and the potential of the proposed arc suppression and 
mitigation systems. In a circumstance like this the power arcing fault keeps restriking for a 
certain period of time if the arc fault is left unmitigated.  

Electric arc types in terms of characteristic, nature and behavior involve the following 
remarks: (i) the electric arcs present the existence of very low-, low-, high-, very high- and 
ultra-high frequency spectrum components in a wideband noise form, (ii) the voltage drop 
across the arc column induces an arc current rate of change in addition to the system supply 
load; the arc voltage has a near square waveform at each positive and negative half-cycle, (iii) 
the arc current has a near sinusoidal waveform having a discontinuity at each half-cycle, (iv)  
the arc is associated with a current and voltage having a nonlinear properties and an 
irregular behavior which is characterized by an exponential rise and fall, thus making the arc 
event to be a very fast transient, and finally (v) the arc related current sparks generate 
electromagnetic radiated waves which in  turn carry both the electric and the magnetic field 
energy.  

Eventually the useful time and frequency information contained in the arc EM radiated 
waves were made available for the development of the electric arc hazard diagnostic and 
monitoring systems or models, giving rise to the arc source point solution in either 2D and 
3D map or Cartesian plane. The measurements performed demonstrate the feasibility and 
the potential of the resulting arc location systems in the power systems distribution 
protection field. Bearing in mind that the entire arc fault location systems work at a 
reasonable accuracy, but among these models the xcorr method has shown a very distinctive 
feature regardless of the antennas geometrical configuration. 
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5.2 Future work 
         

  The proposed arc diagnostic and monitoring systems and models were evaluated via two 
major comprehensive comparative statistical analyses. As a result these proposed models 
performances were measured in terms of measured ASCC deviations from the actual source 
point, giving rise to a distribution pattern of these deviations termed MSE earlier depicted 
above. In fact from the observation of the MSE distribution pattern it follows that the 
proposed technologies and the MSE values obey a lognormal distribution as discussed in 
detail in . Thus each of the proposed methods exhibit a certain value of MSE which is in 
turn influenced by the geometrical configuration of the antennas devices. Nevertheless based 
on the values of the MSE, this doctoral research project has suggested that more tests and 
measurements are required especially under the real field conditions. Another reason for the 
real field measurements is reinforced by the fact that this doctoral research project was 
exclusively focused on the laboratory experiments. Further since all the available antennas 
types were not fully exploited during this project work, therefore more investigations are 
required in order to definitely provide an adequate design of the electric arc appropriate 
antenna apparatus. This will eventually lead to the development of this particular field 
hardware. Obviously such hardware development should include the antenna size, 
directivity, efficiency, gain, coverage range and so on. Due to a huge expansion of the power 
system distribution network the antenna device having a good directivity, best efficiency and 
higher gain in addition to a large coverage range will be preferable if it is not expensive to 
implement. In fact the antenna good directivity will help in blocking the unwanted white 
noise interferences coming from different sources through space. On the other hand the 
antenna higher gain could be beneficial in amplifying the electric arc RF-signals amplitudes 
from a remote source location because as the EM radiated waves travel through a relatively 
far distance their related amplitudes spectrums attenuate upon reaching the antenna 
position. Thus the best antenna efficiency will minimize the waveform distortion effect such 
that the integrity of the arc RF-signals amplitudes are kept intact.  
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