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Abstract- Due to utilizing fundamental frequency, impedance
based fault location methods to date are able to locate only
permanent and linear faults. The duration of arc in low and
medium voltage systems can be as short as a quarter of a cycle.
This amount of time which is normal for intermittent faults is
not enough for fundamental frequency based fault location
algorithms. Therefore, available methods are not applicable for
intermittent arcing fault location. In this paper, a novel method
is proposed for arcing fault location utilizing time based
formulation considering the short duration of the faults. The
advantage of the proposed method over available methods is its
capability for locating faults using fewer samples which is
suitable for arcing faults as well as normal faults in the network.
The validity of the devised algorithm is studied within the
PSCAD-EMTDC environment. The produced data has been
employed for the fault location algorithm and the results show a
good accuracy for arcing faults.

Index Terms-- Arcing fault location, Single end, Distribution
feeder.

I. INTRODUCTION

Although today different methods have been devised in low
or medium voltage networks for arcing fault detection [1-4],
the arcing fault location is still a challenge for engineers. The
fault location procedure is possible only after an intermittent
fault turns to a persistent fault. The problem arises when this
change does not happen even after a couple of minutes.
Dispatching repair crews to the fault area will fail to find the
fault point due to no fault observation after replacement of the
fuse. Sometimes it may take hours or even a couple of days
until the fault re-occurs at the previous location. Travelling
wave methods as well as impedance based algorithms can be
utilized for arcing fault location.

A significant work has been done to address this challenge
utilizing the travelling wave methods in [5, 6]. However still
many problems need to be resolved for accurately locating of
the fault point. Gale et all [5, 6] have introduced an online
fault location equipment for low voltage underground cables.
Their algorithm is based on the Time Domain Reflectometer
(TDR) and Transient Recording System (TRS) method. Each
of these methods has its own advantages and disadvantages.
TDR is more convenient but subject to attenuation limits.
Also the preferred point of connection for TDR mode is open
ended. In TRS there is no need to connect units at open ends
but at least two units are necessary. The main advantage is
that they are not using reflected signals and only one transit
along the different part of the cables is made by pulses.

Ordinary impedance based fault location methods [7-10]
that are applied in medium voltage distribution systems are
unable to locate arcing faults in distribution networks, due to
the short duration of many arcing faults. Generally the
duration of the arcing fault is less than a cycle. Also in case of
persistent arcing fault, the accuracy of these methods due to
neglecting the variable nature of arc resistance is not
acceptable.

The raised problem due to short duration of arcing fault can
be resolved via utilizing time domain algorithms. In high
voltage transmission lines, time domain numerical algorithms
have been used for blocking autoreclosure. A time domain
numerical algorithm based on one terminal input data for
blocking autoreclosure in transmission lines has been
presented in [11-13]. This approach does not require the line
zero sequence parameters as input data.

A numerical spectral domain algorithm devoted to arcing
fault recognition and fault distance calculation has been
introduced in [14-16]. Arc voltage amplitude and fault
distance are calculated from the fundamental and third
harmonics of the terminal voltage and current phasors. The
calculated arc voltage amplitude is used to decide a fault type.

Lee et. al [17] present a numerical algorithm employing
synchronized phasors measured by PMU (Phasor
Measurement Unit) units installed at both terminals of the
transmission lines, for fault location calculation and arcing
fault recognition. The proposed algorithm utilized the
synchronized phasors measurement for estimating the arc
voltage amplitude. From the calculated arc voltage amplitude,
a decision can be made whether the fault is permanent or
transient.

An accurate time domain algorithm for fault location using
one-terminal data has been presented in [18]. The algorithm is
based on the modal analysis and the R-L model of
transmission lines, and utilizes the fault-superimposed
components effectively. In the algorithm, the differential
equations of faulty networks and pre-fault networks are
combined to determine the fault distance. The fault distance,
fault resistance and source parameters at the remote end are
solved as the unknown variables of a second-order system by
finite difference method. Despite utilizing time domain
algorithm, at least half cycle of data is necessary to locate the
fault precisely which makes it useless for locating some of the
arcing fault in low voltage system. In addition this method is
dependant on the existence of the decaying DC after the fault.



Although, time based fault location algorithms have been
introduced for high voltage transmission lines for arc
recognition and autoreclosure blocking, this concept can be
used to generate a new algorithm for arcing fault location in
distribution systems. Low Voltage fault location presents
severe technical challenges and available fault location
methods cannot be applied for detecting and locating all types
of fault in LV systems. The difficulty is further pronounced in
low voltage feeders because of private customers as end users
and hence the availability of one terminal for signal
measurement. At the same time, incentives imposed by the
Regulator have increased the urgency to restore supplies after
permanent faults and to avoid outages by reducing the
incidence of repetitive intermittent faults.

In this paper attempts are made, to devise a novel single
end impedance based fault location algorithm for low voltage
systems which is based on the time domain formulations.
This algorithm provides more accurate results as short time
nature of arc is considered here whereas in the available
methods arc fault is considered as a permanent solid fault
instead of intermittent fault. In addition the algorithm is
independent of load value which is varying hourly especially
in low voltage networks.

II. INTERMITTENT FAULT CONCEPT

The voltage stress in the dielectric of LV cables is very low
and hence the insulation thickness is determined by
mechanical factors rather than electrical considerations. This
results in high levels of instability in LV cable fault
waveforms which are major causes of Power Quality
problems. Hence, intermittent faults occur more often in low
voltage systems rather than higher voltage systems. In terms
of duration arcing faults can be divided into intermittent and
persistent fault categories.

A.  Intermittent faults

Intermittent faults usually occur in cables. These faults
contain a conducting state during which current flows through
the arc and a non-conducting state without any arc. Due to
low voltage combined post-arc column deionization by
insulation decomposition gases the duration of arcing state is
short, normally between one-quarter cycle and one cycle.

However the length of non-conducting state is much more
variable, anything from a few cycles to several minutes. The
existence of humidity and solvent minerals intensively
decreases the duration of the non-conducting state therefore
increases the frequency of the re-ignition. Although, there is
no clear explanation as to why arcs tend to reignite in roughly
the same polarity [19, 20].

Intermittent faults are recognized by their repetitive fuse
blowing characteristics. As illustrated in Figure 1 during arc
ignition, when the arc current is crossing through zero then it
will be extinguished. Re-ignition of the arc may take place a
few cycles later. However, the re-ignition time may be
elongated to a couple of hours. This will make a problem,
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Figure 1 Voltage profile of intermittent fault in low voltage cable [19]
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Figure 2 Equivalent circuit for fault location algorithm
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Figure 3 Initial guess for load estimation

when the repair crew is dispatched to the fault area due to
customer calls. After reconnecting the fuse due to the nature
of intermittent fault, the network continues to work properly.
The repair crew can only find the fault when it turns to a solid
and persistent fault. Therefore, they will have no other choice,
except to leave the area. Later on, when this fault turns to
permanent fault they have to go back to locate and then repair
the fault. This is time consuming as well as being costly.



III. FAULT LOCATION ALGORITHM

A.  Fault initial time recognition

After fault occurrence, the measured voltage and current
waveforms are saved for certain number of cycles. The saved
waveforms contain pre-fault, fault and post-fault data. Pre-
fault waveforms are being used for load current estimation
whereas the sampled data during the fault will be utilized for
main fault location algorithm. Hence, identifying the fault
initiation moment is important to distinguish between prefault
and post fault samples.

To find the start time of fault, the following procedure has
been implemented. The main characteristic of the fault is the
rate of change of voltage or current. The rate of change of
current is normally a lot larger than the normal rate of change
of it. Therefore, in this paper the rate of change of current
(di/dt) is considered for fault initial time and fault type
identification. If the rate of change of current is higher than
the setting value (the setting value is deliberately chosen to be
at least double of the normal rate of change of current) for
couple of consecutive samples, the first sample is considered
as fault curve and the related time will be the fault initial
time. Hence, samples after the initial time are taken and
applied to algorithm for locating of arcing fault. Also one
cycle of data before fault initial time will be used for load
current estimation.

B. Faultlocation concept
In the proposed method, a novel time based fault location
algorithm has been developed to overcome the previously
mentioned problems existing in low voltage distribution
systems. The proposed algorithm is utilizing the measured
voltage and current from one end of the network to find the
location of the arcing fault. The main characteristic of arcing
fault is its short duration (around a quarter of cycle) which
distinguishes arcing fault from permanent or persistent faults.
Figure 2 shows equivalent circuit employed in this paper
for fault simulation. For the cable/line illustrated in Figure 2
equation (1) gives the voltage and current relationship for
each phase on the assumption that an arc voltage occurs
between phase A and ground:
di,
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where (V,, Vb, Ve, 1a, Ip, 1) are measured from the low
voltage side of the transformer feeder.

In single phase to ground fault (here it is assumed that
phase A is involved), the faulty phase equation is used for
fault location. Reformatting equation of phase A will lead to
the equation below:
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Figure 4 Fault location flowchart
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where Ra.cabler Laa-cable, Lab-cables Lac-cable Tespectively shows
the resistance, self and mutual impedance of the whole
cable/line. In the above equation, x represents the percentage
of the cable/line length and both x and arc resistance in the
equation are unknown. For solving the certain number of
unknowns, it is necessary to provide the same number of
equations. Bearing in mind that each sample can provide us
with one equation, thus with at least the same number of
samples (as unknowns) one will be able to solve the equations
for unknowns. Here, two samples are necessary for solving
the x (distance percentage) and fault resistance which is of no
importance. Therefore we have:
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Var = X(Ra—cablelal + Laa—CahIe T:l + Lab—cable T:l + Lac—cable T}”j + RArclArcl
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Line voltages and currents at one terminal are uniformly
sampled with the preselected sampling frequency f=1/T,
where Ty is the sampling period. The current derivative for
each sample is calculated from equation (3)
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dt T 3)

s

By re-writing equation (2) the following matrix is obtained:
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where [v,, 1, di/dt, diy/dt, di/dt] are the time dependent
coefficients taken from current and voltage waveforms and
[Ra-cavles Lab-cavtes Lac-cavles Laa-cavie] is the vector of constant
circuit parameters. Solving the above matrix will give both
unknowns. Multiplying the calculated x by 100 will give us
the fault distance in meter.

C. Load current estimation

For less than 10% of the customers, protective devices like
fuses are located outside the building or factory. Therefore,
the load can be easily disconnected from the network by the
dispatched crew. Disconnecting the loads causes the fault
current value to become equal to the measured sending end
current. However, in the majority of the sites, loads cannot be
disconnected due to limited access to the private customers as
end users. As a consequence, the measured current at the
sending end equals to the sum of fault and load current
whereas the load current is unknown. This will produce an
error in the estimated fault location. This error depending on
the network parameters and load values can be more than
%10. Hence, for developing a precise fault location
algorithm, accurate estimation of load values is very
important. This is achieved through an iterative method using
the pre-fault data as an initial guess.

In the first iteration the difference of the post-fault
measured current and pre-fault measured current is used as an
initial guess for fault current. However, in time based method
the subtraction post and pre-fault data should be calculated
from the corresponding samples of different cycles. This has
been well illustrated in Figure 3. Due to the variation of the
load current during the fault the initial guess should be
updated through iterative method. In all iterations, the fault
current is updated according to the following method.

After calculating fault distance x by solving equation (4),
the fault voltage can be calculated from the equation below:

di, di, dicj )

Vea =Va — X( Ra—CabIeIa + Laa—CabIe a + Lab-cable E + Laccable E

By having the fault voltage from equation (5), fault current
can directly be calculated from the following equation.

iArc :VFauIt /Rarc (6)

where the fault resistance has been calculated from
equation (4). The result is used for updating the fault current
in equation (2). Substituting the obtained fault current with
the previous value, the same procedure can be followed until
the solution is converged within the allocated error. The
flowchart of the algorithm has been displayed in Figure 4.
More accurate calculation of the fault current will lead to the
more precise fault distance estimation.
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IV. RESULT AND DISCUSSION

In order to test the proposed method a single section
underground cable connected to the load was simulated
within PSCAD-EMTDC environment. Figure 2 shows the
network configuration. A series of 21.55 Q resistive and
0.01162 H inductive element are composing the load in the
circuit. The cable length is 1000 meters and its impedance
matrix is:

0.66+j0.503  j0.221 j0.221
Zewe =| j0221  0.66+j0.503  j0.221  |(Q/kM)
j0.221 j0.221  0.66+j0.503

A.  The effect of fault resistance and fault distance variation

In LV distribution, the currents are not generally
monitored. In general an earth fault or higher ohmic fault will
remain unnoticed, until it draws enough current to blow a
fuse. If it is assumed that the lowest practical fuse for a main
cable is 125 A and it is further assumed that the load current
is 60% of the fuse rating, a fault will have to draw more than
50 A to blow the fuse. Therefore, a fault resistance should
always be less than 6 Q in the LV scenario. As a result in this
case, the worst case scenario for arc resistance is simulated to
reflect the maximum possible error. Therefore, we will not



face with higher errors produced due to the high arc
resistance.

For phase A to ground faults, the calculated fault locations
for various points along the cable and two different fault
resistances have been displayed in Figure 5. After
investigating of the figure, it does not reveal any strict
relationship between the estimation error and fault distance.
However, the higher fault resistance leads to higher
estimation error. For the proposed algorithm, the result for
single phase to ground fault is reflecting the amount of error
up to 20 meters for the worst case scenario.

B. Faultinception angle effect

Arcing fault can appear in a random angle of a cycle.
Depending on the fault environment, the arc current will be
extinguished after becoming zero or another arc will ignite.
Normally for the intermittent faults, arc current will be
extinguished after zero crossing. Hence, duration of arc is
determined by the inception angle. In other words, the bigger
the inception angle, the shorter arc duration. Figure 6 shows
the effect of the inception angle to the accuracy of the fault
location algorithm for 3 ohms arc resistance and 500 meter
fault distance. A quick glance at the figure discloses that even
very short arc provides enough data for the algorithm to
locate the fault precisely. On the other hand, for faults that are
longer than a quarter of cycle, arc duration doe not have
considerable affect on the accuracy. Because intermittent
faults are normally longer than a quarter of a cycle, they can
be located with a good accuracy by this algorithm. The same
result is obtained for negative current values (with more than
180 degree phase angle).

V. CONCLUSION

This paper has proposed a novel method for the location of
arcing faults in low voltage distribution feeders utilizing
single end measurements. The advantage of this method over
current fault location methods is the ability of locating arcing
faults which often occur, particularly in low voltage cables.

Utilizing the time based calculation, will enable the
algorithm to find the location of the fault with a small number
of samples. The proposed method is independent of the load
value which is very important due to unpredictable and
variable characteristics of the loads in low voltage systems.

For verification of the proposed algorithm, a low voltage
feeder has been simulated within the PSCAD environment
and the produced data has been analyzed via the algorithm.
This algorithm provides accurate results as the short duration
nature of arc is considered here whereas in the available
methods, fault duration is assumed to be continued for at least
one cycle. Obtaining accurate fault distance estimation proves
that the algorithm is capable of calculating the location of
short duration faults.
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