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ABSTRACT

This paper presents a location algorithm for series arc fault in a low-voltage indoor power line in an AC 230 V 50
Hz home network. At both ends of the line, currents and voltages are recorded for each arc fault generation at
different distances. Previously a fault map trace is created by using stored signature coefficients obtained from
Kirchhoff equations which allow a virtual decoupling of the line’s mutual capacitance. Then, the calculation of
signature coefficients using Kirchhoff equations is done by considering hypothetical fault distances where the
fault can appear. This procedure allows to obtain a curve with a linear trend. Finally the unknown fault distance
is estimated at the intersection of this curve with the fault map trace. In the process of validation of distance
estimations, many series arc fault Data (real currents data) that belong to carbonized paths or opening contacts
(using copper electrodes) are inserted in the power line. Also, the performance of the algorithm is validated for
different line lengths and considering different inductive loads.

Locating series arc faults can be very helpful in the health monitoring of low-voltage power systems in order to
efficiently locate the position of damaged cables to avoid electrical fires and save time in restoration of power

supply.

1. Introduction

In the home, electrical faults are one of the major causes of fires. A
particular problem comes in the form of series-arc faults, that occur
when wires become damaged or degraded and are therefore able to
come into contact with one another. Another potential cause of elec-
trical fires are loose contacts in connectors. Due to its complex random
behavior, this type of fault, in series configuration, is more difficult to be
detected because the current level is limited by the load impedance and
not for the fault itself, unlike the parallel fault where strong short cur-
rents generated can be more easily detected.

Scientific literature presents a wide range of methods for detecting
series arc faults. Commercial protection systems, like the AFCI (Arc-
Fault Circuit Interrupter), have been successfully deployed in electrical
networks to prevent the type of damage which can cause incidents as
catastrophic as fires [1-3]. Employing protection systems capable of
detecting faults in a line also provides the secondary benefit of reducing
the time needed to repair the lines. Despite the existence of various
protection systems, no single circuit breaker to date has integrated the
possibility of locating series-arc faults that occur during the period when

the line is operational. Most commercial devices are based on reflectr-
ometry and require that the power supply be disconnected before they
are able to insert signals into the line [4]. An improvement of reflec-
tometry methods to locate faults in the line in operating mode are
essentially the STDR and SSTDR methods [5-7]. They are employed to
locate intermittent electric arc faults mainly on electrical aircraft wires.
However, the impedance matching required between the power line and
the load in order to avoid undesirable reflections and also the
complexity in designing a special purpose sensor represent the main
weaknesses of these methods.

In this context, we address our attention towards algorithms from the
literature focused on the high power domain. These algorithms essen-
tially locate parallel faults (linear phase to phase or phase to ground
faults and high impedance faults) and they are based on impedance
parameters [8-15], methods based on passive reflections [16-19]
(traveling wave propagation), methods which use the electromagnetic
time reversal [20-22] and methods based on artificial intelligence
[23-29] associated in some cases to the Wavelet Packets. These last
methods however have the complexity of using ANNs associated with
Wavelets which require high frequency rates and they are mainly
applied in long transmission lines (up to 300 km or more).
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Nomenclature

[I(x)] Signature vector

[Q(x)] Fault map trace

® Angular frequency

C Capacitance per meter of the line length

d line length

DFFT Discrete Fast Fourier Transform

G Conductance per meter of the line length

L) DFFT of estimated current on the input side of the arc fault

I, (t) Estimated current on the input side of the arc fault

L(f) DFFT of estimated current on the outgoing side of the arc
fault

I(t) Estimated current on the outgoing side of the arc fault

Il;OHZ Fundamental harmonic on the input side of the arc fault

2501 Fundamental harmonic on the outgoing side of the arc fault

I+ Positive current threshold

I Negative current threshold

L(f) DFFT of the measured current delivered by the supply
voltage

L(t) Measured current delivered by the supply voltage

Tne Estimated current on the input side of the arc fault (virtual
decoupling case)

Linc(f) DFFT of estimated current on the input side of the arc fault
(virtual decoupling case)

Iinesonz;  Fundamental harmonic on the input side of the arc fault
(virtual decoupling)

L(f) DFFT of the measured load current

L(t) Measured load current

Ione Estimated current on the outgoing side of the arc fault

(virtual decoupling case)

Lone(f) DFFT of estimated current on the outgoing side of the arc
fault (virtual decoupling case)

Ineson;  Fundamental harmonic on the outgoing side of the arc fault
(virtual decoupling)

I, Capacitance current in first section of the line (virtual
decoupling case)

I, Capacitance current in second section of the line (virtual
decoupling case)

L Inductance per meter of the line length

L Load inductance

Py Cooling power according to Mayr

Py Cooling power according to Ayrton

R Resistance per meter of the line length

Ry Load resistance

tc Time constant

Vi(f) DFFT of the estimated voltage on the input side of the arc
fault

V’1 (t) Estimated voltage on the input side of the arc fault
Vo (f) DFFT of the estimated voltage on the outgoing side of the

arc fault
Vy(t) Estimated voltage on the outgoing side of the arc fault
Vi(f) DFFT of the measured voltage delivered by the supply
voltage

Vi(t) Measured voltage delivered by the supply voltage
Va(f) DFFT of the measured load voltage

Va(t) Measured load voltage

Vo Arc voltage constant

x Distance of the arcing fault

Zc Corona resistance

VAY: Circuit resistance

Zp Impedance that results from G//C

Little work has been devoted to locate faults on low voltage lines of
short length (up to 200 m). In literature, some authors presented loca-
tion methods using the impedance of the electric line [30,31] or
Wavelets features which allow to train an ANN [32].

The series arc-fault location methods for short low voltage lines
involve challenges since conventional mesh Kirchhoff equations used to
locate parallel faults can not be used directly as it is impossible to split
the line into two parts on either side of the arc fault. Indeed, a series arc
fault behavior is quite similar to an impedance with stochastic
variations.

Series arc-fault location methods for DC low voltage power lines are
based in the time shift between parallel capacitors current pulses at both
ends of a short power line (up 300 m long line) [33-35] or on a
parameter impedance model of a 1200 meter emulated transmission line
[36]. Both of these methods are interesting; however, the first method
seems very sensitive to the noise and eventually has no potential
application to AC power lines (short-circuit produced by the insertion of
parallel capacitors at the 50 Hz current frequency). In addition, this
method requires a very precise synchronization of the measured cur-
rents unlike the second method which remains simple with a low
computational burden.

On this basis, inspirited by this second method, the authors of this
paper developed two original algorithms to locate AC series-arc faults.
The first based on an approach model of a home electrical line [37] and
the second uses impedance parameters of the line and a neural network
[38]. Nevertheless, the accuracy of these methods is strongly influenced
by both an adequate frequency band selection or the dynamic variations
of different series-arc faults (random and stochastic impedance
behavior) which cause significant degradation in their performances.
Within this framework, the main focus of this work is on:

— series-arc faults location,

— arcing fault location on short power lines,

— development of a method that operates continuously without the
necessity to disconnect the load or supply voltage. The main appli-
cations concern health monitoring of low-voltage power systems.

In the present work, we propose a more robust fault location method
based on a fault map trace created by using signature coefficients ob-
tained from Kirchhoff equations which allow a virtual decoupling of the
line’s mutual capacitance. Then, the calculation of signature coefficients
using Kirchhoff equations is done by considering hypothetical fault
distances where the fault can appear. This procedure allows to obtain a
curve with a linear trend. Finally the unknown fault distance is esti-
mated at the intersection of this curve with the fault map trace. The
method is tested using different line lengths (from 30 m to 200 m)
supplied by a 230 V - 50 Hz source using different series arc faults data
and also considering the presence of inductive loads.

2. Short power line model

An electric line with a total length of *d’, containing a series-arc fault
located at a distance from the power source referred to as 'x’, can be
modeled using the T equivalent circuit model of the transmission line
according to the diagram displayed in Fig. 1. The line impedance pa-
rameters are given in Table 1. Voltages and currents are recorded at
points along both ends of the line. This line is described by using its line
parameters: R, L, C and G. The line is powered by a 230 V - 50 Hz source
and the load is initially composed of a R, = 470Ohms (L, = 0).

The part of the line lying in front of the fault can be entirely modeled
using an equivalent circuit that consists of a series impedance (R * x in
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R1 L1 Series arc fault R2 L2
Source
Cl| Gl Cc2 G2 Load
Vi
Vi V2
V2

Fig. 1. An electrical model of the faulty power line.

Table 1

Line impedance parameters.

Source R L G C Frequency  Load

220V Ri=R.  Li=joL. G =G C =C 50 Hz R, =
xRy = xLy = x Gy = xCy = 470Q (L,
R(d-x) joL(d-x) G(d-x) C(d-x) =0)

series with L * x) and a shunt impedance (G * x in parallel with C * x).

The second section of the line, found between the point where the
fault occurs and the load, will include R * (d —x) in series with L * (d —x)
and a parallel conductance G * (d —x) with a capacitance C * (d —x)) that
is connected to the ground.

An LCR meter (HP 4263A) is used on a 1-meter section of the cable in
order to estimate the parameters of the line. Thus, the measured values
used in the model are:

R =159643 x 1073 Q;

L =0.00069592 * 1073 H;
G=17 % 10°10§;
C=5.74 x 10711 F.

In the case of the arc fault, it is not possible to create a simple model
of impedance that can be inserted into the line model. As this type of
defect is highly chaotic, its behavior is very difficult to model. For this
reason, an experimental test bench can be employed, as it is capable of
reproducing the type of arc fault whose signature can be inserted into
the power line model.

3. Series arcing fault

The line current signature required for the location method can be
obtained by using either an arc fault model or experimental measure-
ments for the fault. The purpose of this part is to choose which of these
two solutions is the most adapted to our problem.

Many authors have already proposed electrical models of arc faults
[39,40]. The arc fault model (widely used for series arc fault detection
purposes in home electrical networks) presented in Fig. 2 was developed

Zn

I>1* _KKI‘
Zc

Fig. 2. The arc fault model.

and described in previous studies [41].

In this model, the diodes are considered as current diodes whose
threshold is a current of low value and represents the transition between
the corona and the arc discharge phenomena.

The diodes in question are considered to be current diodes, whose
threshold is a low-value current. This low-value threshold represents the
transition between the corona and the arc-discharge phenomena. This
model also includes a time-fixed impedance Z¢, that only occurs at the
point where the arc current attains a value between I and I-.The main
parameters values, that were used during the modeling of the arc fault,
are provided in Table 2.

The model presented in [13] includes a time-varying series resistance
which allows a better representation of the fault. However, the time-
varying behavior was approximated by a polynomial function which
was adjusted through field test of real fault case of parallel faults on a
230 kV transmission line. This fault (line to ground) depends on specific
characteristic of the contact surface of faulted point, such as porosity,
humidity, density and composition of the soil. Therefore, this model is
more suitable for describing parallel arc faults on high power lines.

In practice, the process of initiating an experimental series-arc can be
accomplished through the use of either carbonized paths or opening
contacts (in accordance with the UL 1699 standard), as seen in (Fig. 3).
The opening-contact test was carried out using two 6 mm-diameter
copper electrodes. In the case of the carbonized path (generated using a
high-voltage generator) a single cut was made to the insulating material
of 2 parallel sections of wire, which were then joined together. Fig. 3
shows the experimental test configuration that was developed in order
to obtain the line-current data. The power source (230 VAC - 50 Hz)
supplies a load (Resistive/Inductive). The arc fault, that is produced in a
chamber where the temperature and pressure can be controlled, is
inserted in series, into the power line.

All measurements are taken using a Lecroy Pro 950 oscilloscope (2
GHz bandwidth) and the AP015 current probe (75 MHz bandwidth) at a
sampling rate of 1 MHz.

When a series-arc fault is produced using the experimental test bench
(for a duration of approximately 0.5 s), the current that is registered is
intrinsically related to the real parameters of the line. It can therefore be
perfectly inserted into the indoor-power-line model. By following this
procedure, we are able to overcome the problem of being forced to use a
series-arc-fault model that does not consider the dynamic variations of
the parameters present in the case of a real arc fault.

Fig. 4 shows the evolution over time, of the line-current signatures
that were obtained through measurement and simulation (taking into
account models from [39,40]). The electric arc is a naturally chaotic
phenomenon and it is highly affected by environmental conditions
(temperature, humidity and pressure for example) and the parameters of
the power line (its length, the appliance it is attached to, etc.).

The maximum amplitude levels of the line current vary from one
alternation to another and the impedance of the arc changes over time.
The wave form also has a phase-shift that gradually varies. In a similar
fashion, results show that ignition voltages also vary over time. It is
therefore difficult to model it’s evolution precisely, due to the chaotic
nature of arcing faults.

For all of these various reasons, we have opted to work with a

Table 2

The parameters of the arc fault model.
Symbol Value
Vo 30 \4
Py 2000 w
Py 2 w
I+ 0,0035 A
I- —0,0035 A
Zc 10000 w
Zm 285 w
tc 0,00053 s
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Carbonized path Opening contacts
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1
|
|

—_——

Power resistor
47Q - 1500 W

Arc generator

Fig. 3. The experimental test bench.
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Fig. 4. A comparison of series arc fault currents.

genuine arc current. It is measured when the arc fault is initiated and
then inserted into power-line models used for validation.

The arc current can be directly inserted into the electrical circuit via
a Simulink box which acts as a ’controlled-current’ source (see the
selected part noted Measured Data in Fig. 5). This device is analogous to
the variable impedance that limits the current flow across the line. It
consequently induces behavior (such as the variation of random
impedance in the power line) similar to that witnessed in the event of a
real series-arc fault.

4. Influence of the mutual capacitance in the power line
In the general scheme of the transmission line given in Fig. 1, an

electrical arc fault occurs at a distance noted "x” meter from the electrical
source (total line length of d meters).

Series arc fault

=1

Current
| = — source
_\ Measured
Data

Fig. 5. Data injection by using a controlled current source.

From the line currents and voltages, the equations of the two meshes
in the frequency domain can be written in the following equations:

Vi(f) = Vi(f) — (R * x+jw * L xx) % I, (f) €))
L) =01() = V\(f) * o+ Z, %) (2)
Vo(f) = Valf) + (R y+jw + Lx (d —x)) * L(f) ©)
L(f) = L(f) + V,(f) * jo * Z, * (d — x) @)

In these equations Z, represents the impedance that results from the
parallel association of G and C.

Egs. (2) and (4) are highly dependent on Egs. (1) and (3). These
equations obtained make it possible to establish mathematical re-
lationships at the input and output of a series arc fault (Fig. 6) inserted in
an unknown section of the power line.

From the displayed Fig. 6, two rules can be deducted. First:
I, —I, ~ 0 and the second: V; —V,, > 0. For a more precise approach to a
fault distance, we choose the current difference. The principle of the
location method is based on the estimation of the current flowing
through the arcing fault. In practice, since the current flowing at the
input and at the output of the fault impedance is the same, this condition
is obtained for the exact value of the fault distance. The idea is therefore
to increment the distance x until reaching a minimum for I; —I,. The
fault distance will be the one replaced in the equations described above
which allow to obtain the minimum trend.

4.1. Case of a simplified line model

In this scenario, Zp is considered to equal G. This means that the
parallel mutual capacitance is not taken into account. As is the case in a
line of short length (<100 m), the influence of C is weak and can be
neglected. It’s value is close to 0. A complete diagram of the simplified
power-line model, that displays both the line sections and the arc fault,
is shown in Fig. 7.

Using this model, an estimation of the fault distance is carried out
according to the steps:

— Step 1: The voltages at both ends of the line V1(t) and V2(t), as well
as the associated currents I1(t) and 12(t), are measured when a fault
is present in the circuit.

— Step 2: The Discrete Fourier Transform is used to calculate the
electrical quantities I (f) = DFFT(I1(t)],I>(f) = DFFT[I2(t)], V1 (f) =
DFFT[V1(¢t)] and V,(f) = DFFT[V2(t)].

— Step 3: The values of I1'(f) and [2/(f) are then calculated using Egs.
W-4.

Note: In the proposed method, analysis is done at 50 Hz (the fre-
quency of the European Electricity Network). At this frequency, the
fault distance influence on the current and voltage is preponderant.
In addition, fundamental harmonics are not influenced by the elec-
tromagnetic noisy or parasitic currents which are originated by
series-arc faults. The calculation is thus limited to the evaluation of

ri \ r2
—> —>
Series arc

fault

l l

Fig. 6. Series arc fault with input-output relationships.
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R*x L*x

T'1 Series arc
- = Fault

R*(d-x)

L*(d-x

Ir2
= -
Series a&

Fault

Fig. 7. A simplified model of an indoor power line.

the two following quantities: Iy, = max(abs(I1'(f)) and 125y, =
max(abs(12 (f)).

- Step 4: For all hypothetical fault distance values, steeped faults
from 1 meter to (d —1) meter (in step of 1 meter) are considered in
the calculation of the absolute value of the difference Iy, —I250;,-
Then, these coefficients obtained (named signature vector) versus
their associated distances are plotted.

- Step 5: The estimation of the fault distance is obtained by searching
for the particular distance in the range [1, 2, ... (d —1)] for which ABS

(Il,SOHZ _IngHz) =0.

The proposed method of detection is tested on a power line of 60
meters in length. Two series arc faults are ignitiated, the first at 20
meters (examplel) and the second at 40 meters (example 2) from the
source. The fault distance are assumed to be unknown for the purpose of
the tests.

The procedure given above (from Step 1 to 5) is followed to estimate

the distance. For Step 4, the evolution of ABS (I1gyy, —I25,y,) are rep-
resented in Figs. 8 and 9 for each distance in the interval 1-59 m. Ac-
cording to Step 5, only one point in Figs. 8 and 9. match the condition of
perfect intersection with the abscissa axis, with ABS (I15oy, —1250,) =
0. Then, the particular distances of 10 m and 40 m satisfy the condition
required. Thus, these estimated fault distances correspond perfectly to
the real fault distances.

Nevertheless, the parallel capacitance in the model of the trans-
mission line must be taken into account and can not be neglected. Thus,
Kirchoff equations are applied considering G//C equals Zp. The algo-
rithm is then tested taking into account series arc faults at distances of
10 m, 20 m, 30 m and 40 m. The results are displayed in Fig. 10.

We can observe that the effect of mutual capacitance is detrimental
to the algorithm. The adverse effects are produced by the unbalance of

o x10°
~ 50 ° >
3 00,
3 0°9°%
By o o
& ° °
-] o
B ° °
N °
3 °
:-a o ° °
= 2 ° o
@
8 o
o
1 oo
/Fault distance at 20m °°
0

15 20 25 30 35 40 45
Distance (m)

Fig. 8. Fault distance estimation example 1 (considering C = 0).

-9
x10
o
o
N4t 1
e
o
o~ © 099,
3t ° ° o :
' o °
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2 2 o (-]
< ° “1° ] ]
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21| ® o -
o
o Fault distance at 40m
o
0 1 L I 1 L 1
15 20 25 30 35 40 45
Distance (m)
Fig. 9. Fault distance estimation example 2 (considering C = 0).
60 T T T T T

(4]
o

'
o

Estimated fault distance (m)
8
o
o
o
°
°
o

20 1
10 ¢ 1
0 1 1 1 1 1
0 10 20 30 40 50 60

Real fault distance (m)

Fig. 10. Fault distance estimations (considering that C # 0).

Kirchhof equations which does not allow the correct estimation of fault
distances. We can notice the presence of offsets in the calculation of

coefficients gy, —I2505,. Thus, it appears clearly that the condition

Nyop, 12505, = 0 is never fulfilled for none of the fault distances. These
characteristics are shown in Fig. 10 where the coefficient the closest to
zero taken by the algorithm is the one that belongs in most cases (exept
for the fault at 1 m) to the estimated fault distance of 31 m (wrong
estimation).

4.2. The mutual capacitance decoupling

The limits of this fault-location method are noticeably linked to ef-
fect of mutual capacitance. For this reason, we have decided to develop
an original approach based on the virtual decoupling of mutual capac-
itance. By taking this assumption into account, we can calculate fault
currents with virtual decoupled capacitance effects at both sides of the
series arc fault.

Considering the strong influence of the parallel capacitance between
two cables, we voluntary decided in this part to neglect the parallel
conductance (G = 0) for its weak influence in the power line. Thus, Zp is
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made up of a parallel capacitance whose intensity depends on the fault
distance.

The simplified Kirchhoff equations for determining fault currents
with a virtual decoupled capacitance at the input and output of a series
arc fault can be obtained from Fig. 11.

If we consider the part of the line found on the left-hand side, the
estimation of the current is obtained using the equation: I, = L —I,.
In this case, the physical influence of the mutual capacitance, contained
in the measured current, is virtually decoupled using: I, =
joCx x(Vi(f) —(R* x + joL + x)I;(f)). Similarly, from the chunk of the
line found on the right-hand side, a current with no capacitive influence
is obtained from: I, = I + I,. Here, the virtual decoupling (in
accordance with the functioning of the power-line model) is accom-
plished by adding I, = joC =« y(Va(f) + (R* y + joL = y)Ix(f)). The
resulting equations, that are applied to both the left and right sections of
the line are therefore presented as follows:

Line(f) = L(f) —joC * x(Vi(f) — (R* x+joLx x)I,(f)) 5)
Lue(f) = L(f) +joC + y(Va(f) + (R y+joL+ y)L(f)) ©

The equations presented above, depend on the unknown fault distance
’x’, and they can be used at first to create a fault map-trace which is
composed of a set of feature coefficients. These coefficients can be ob-
tained at different arc-fault positions along the length of the line. Thus, a
model of series arc fault developed by Lezama [39] is inserted at
particular points of the line. It allows us to visualize the evolution of the
series-arc fault at a range of different distances. It also represents a
baseline, from which we can make estimations of fault distances.

5. Fault map construction and fault location algorithm
5.1. Fault map trace

The electric line of length d that we are studying is characterized by
its own signature [Q(x)]. For this we consider that the electric arc fault
may appear for distance (x =1 m,x=2m, .....x = d-1 m). The procedure
to build [Q(x)] from the modeled faulty line (see Fig. 1) for our 200 meter
long line is as follows:

From the electrical T model of the electric line, the arc fault model is
inserted at different positions across the line. For each arc fault test
carried out at a specific distance, currents and voltages are recorded at
both ends of the line. The coefficients I1,cs0r; and Ionesonz at the funda-
mental frequency are calculated according to Egs. (5) and (6). The next
step is to obtain a calculation of coefficients using the equation
Tinesorz —Ioncsonz versus their corresponding real fault distances. A map

Iinc Series arc
- = Fault

R*(d-x)

Fault

Fig. 11. The virtual decoupling of the power line.

trace for a power line of 200 m in length is displayed in Fig. 12.
An estimation of the current, that takes into account the virtual
decoupling, allows us to confirm the trend I1ncs0pz —I2ncsonz =~ O.

5.2. Fault location algorithm

The fundamental part of the fault location algorithm is based on
iterative calculations of the subtraction I1,c50mz —Ioncsorz. This takes into
account hypothetical stepped fault distances values which are replaced
in the Kirchhoff Eqgs. (5) and (6). Fig. 13 presents a diagram that de-
scribes the algorithm.

The first step in the procedure, is to calculate the DFFT of the
recorded signals: 11, V1, 12 and V2. They are later substituted in the
Kirchhoff equations through a process of analyzing the initial fault dis-
tance (x = 1 m). The fundamental harmonics of the estimated currents
are then extracted in order to find the difference: I1nc50mz —Ioncsonz. Both
this value, and the value of ’x’, are stored by means of an incremental
array.

We will thus continue the process for all of the distances referred to
as ’x’ (x = 2 m, 3 m, 4 m, etc., until the point we reach d-1 m). After
working on d —1 iterations, the array [x I(x)] is completed. The signature
vector [I(x)] that we obtain is compared with the fault-map trace vector
[Q(x)] that is already stored. The final step is to estimate the fault dis-
tance by searching for the intersection [I(x)] N [Q(x)].

The fault map trace obtained in the previous subsection, through the
use of the dynamic of a series arc fault model, is only stored once. It will
be used without making any changes on the value of its coefficients,
even during the different stages of validation (as we will show in the
next section).

6. Results

In this section, we have selected three different configurations of the
distribution line to test the validity of our method. Thus, a lumped line
model, a # line model and a distributed line model displayed in Fig. 14
have been tested for validation of our series arc fault location algorithm.

The accuracy of the proposed algorithm, is validated by the use of
current data sets obtained from the generation of arc faults during the
process of various experiments which have been carried out using the
experimental test bench (carbonized-path and opening-contact tests).

For the three configuration of power lines used for validation,
experimental current fault data were inserted according the process in
Fig. 5.

The validation of the method using is constituted by a simplified line
model without parallel capacity (line represented in Fig. 14a. Therefore,
the estimation of series arc fault locations can be performed using Egs.
(1)-(4). Data 1 (opening contacts) is inserted in the line. The results

x107
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10 1

(50Hz) - 1, (50Hz)

1inc
ad

|
%
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0 20 40 60 80 100 120 140 160 180 200
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Fig. 12. Fault map trace for a line of 200 m.
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Recording signals: V1,11, V2 and 12

DFFT(11], DFFT[V1), DFFT(12] and
DFFT[V2)

x=1m
(Starting fault distance)

Virtual decoupling:
Applying equations (5) and (6)

v

| Fundamental harmonic extraction (50 Hz): |
11n¢(50H) and I2n¢(S0H)

| I(x) = I1nc(SOH) - I2nc(SOH) |

]
[x 1(x)]

(Incremental array)

Storage:

x=d-1m No
Yes
Fault map trace vector
Signature vector [Qx)]
[1(x)] (Previously stored)
N\ ¥

Intersection

¥

Fault distance estimation

End

Fig. 13. Algorithm for locating series arc fault (capacitance decoupling).

show that the fault distance is accurately estimated for 99% of cases.

More exhaustive validation steps are carried out for configurations of
Fig. 14b and ¢ which have included parallel capacities. Thus, the esti-
mate of series arc fault positions is determined using Egs. (5), (6) and
[Q(x)]. Since the results obtained for the two configurations are very
similar, the validation of the method for the configurations z and the
distributed lines is defined by the following steps:

The first step in the process of validation, is to generate data
regarding the positions of the series-arc faults along the length of the
power line, at points: 5 m, 110 m and 180 m (The the results are dis-
played in Fig. 15). Data 1 (the opening contacts), as well as Data 2 and
Data 3 (the carbonized paths), are used respectively. The resulting es-
timations of distance are displayed in Fig. 15.

It can be observed that the algorithm is able to locate fault distances
with a very high level of accuracy (for estimations made at points: 5 m,
109 m and 110 m) with a very good accuracy. The signature vectors [I(x)
| obtained for each fault distance are intersected with the fault map
trace. If we examine the example of the fault produced at 5 m, we can
observe that the coefficient obtained from I1,cs0mz —Ioncsonz (for the
iteration that occurs at 5 m, which is the supposed fault distance) is very
close to the type of coefficient that best corresponds to the real fault
distance. Similarly, in the case of other estimations of fault distance, we
are able to observe that the signature coefficients fit well with the type
coefficients of the fault map trace, that correspond to real fault

R*x L*x R*(d-x) L*(d-x)

Vs Load

(a)

R*x L*x R*(d-x) L*(d-x)

CH(dx) == G*(d-x)

R*x L*x R*(d-x) L*(d-x)

C/Z*(d-mlz*(d-x) C/Z'(d»mll*(d»xg Load

Vs

(c)

Fig. 14. Line models for validation. (a) Lumped line model. (b) Distributed line
model. (¢) x# line model.
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Fig. 15. Estimations of distances for different arc fault dynamics.
distances.

In order to confirm that our aims are justified, the algorithm must
also tested using complementary Data sets obtained from different tests.

Indeed, the electric arc has a highly random behaviour as shown in
Fig. 4 and thus the line current signature will be different from one
electric arc to another. A location measurement result obtained with a
single arc recording does not allow the location method to be general-
ized. To do this, Data4 - Data5 - Data6 and Data7 are the measurements
obtained by considering different opening contact tests are additional
measurements and inserted into the power line.

Data8, Data9, Datal0O and Datall (obtained from experimentation
with carbonized paths) are also used in the validation process.

In order to quantify the discrepancy between the real fault distances
and the respective estimations of their measurements, The errors related
to each real fault distances are calculated using Eq. (7). The results of
errors in estimating fault distances are presented in both Figs. 16 and 17.

estimated fault distance — real fault distance
error =

7
line length 2
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Fig. 16. A chart of the errors obtained to different arc fault data from the
opening contacts test.
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Fig. 17. A chart of the errors related to different arc fault test from the
carbonized path.

During this stage of validation, the rate of error is at a level between 0%
and 1% for all of the data sets. For the opening contacts test, the algo-
rithm perfectly estimates the fault distances (majority of points for an
error = 0). For the carbonized path test, the location method is a little
less efficient although the estimated fault distances are close to the real
ones (for which error = 0.5 for a majority of points).

It should be noted that the dynamic of different arc faults does not
have a significant influence on the algorithm (for either the opening
contacts or the carbonized paths).

The second step in the validation process is to test the algorithm at
different lengths along the power line but, this time, using the same
stored fault-map trace (in this case, a fault-map trace for a power line of
200 meters in length). The algorithm is thus tested using a range of
different line lengths, from 30-190 meters. The series-arc fault, that is
inserted into the power lines, belongs to Data 12 (taken from the
opening-contacts test). The results obtained from this test are presented
in Table 3.

We find that the estimations of the fault distances, made at different
line lengths, are very close to the real fault distances. The estimations
shown in orange, represent the variations of the measurements of up to a
length of 2 meters, in respect to the real fault distances. We are able to
make very accurate estimations for the line lengths of 30, 50 and 70
meters, if we take the results we have obtained into account. At the line
lengths of 80-190 meters however, the quality of the estimation is
somewhat diminished (mainly at fault distances that are found close to
the load). Given this information, a maximum erroneous measurement
of 5 m will be observed in the case of a fault produced at 189 m (an
estimation of 184 m), when we are testing a line of 190 meters in length.

Table 3

Fault distance estimations for different line lengths.

Fault distance (m)

Line

20 27 33 40 49 52 59 67 74 79 89 91 98 109 119 128 133 138 148 159 168 178 189

13

length

30 m

26

20
20
20
19
20
19
20

13
13
13
13
13
13
13
13
13
14
14

32 40 48

27

50 m

56
58
59
59
59
59
59
59
59

52
52
52
52
52
52
52
53
53

48
48
49

33 40
40
40

27

60 m

66
67
67
67
67
67
67

33

26

70 m

75

73
73
74
74
74
74
74

33

26

80 m

85
86
86
86
87
87

78
78
78
78
79
79

49
49
49

33 40
40
40

26

90 m

96

920
90
90
90
920

33

26

3
3
4
4
4

100 m

115

108
109
109
109

98

26 33

20

120 m

144
146
146

136
136
136

132
132
132

126
126
126

118

98

49
49
49

33 40
40
40

26

20

150 m

165
166

157
157

118

98

27 33

20

170 m

184

176

118

98

67

27 33

20

190 m
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During the third stage of the validation process, the algorithm is
tested using different inductive loads. The inductances that are used
range from 1mH<L;<50mH. The resistive part is maintained at a level of
Ry, = 47Q.The currents of Data 13 (derived from the carbonized-path
arc-fault tests) are inserted into a power line of 200 m in length. The
resulting estimations of fault distances are summarized in Table 4.

In the case of L, = 1mH, the estimations of fault distances are very
accurate. The estimated values, shown in green, do display a variation
level with a maximum measurement of up to 4 m, in respect to real fault
distances however. Despite this, we can still consider them to be suffi-
ciently accurate for our purposes. The accuracy level of the estimations
made using L, = 50mH is noticeably less precise however. This is due to
the fact that the coefficients of the signature vector [I(x)] create a
displacement that causes them to move away from the fault-map trace.
The type of intersections that we are seeking to locate, and that corre-
spond to the fault estimations, are therefore affected.

In the fourth validation step, the algorithm is tested under parallel
capacitance variations of z and distributed line models. This, saving the
capacitance value obtained in Section II. Thus, we perform the algorithm
in cases where the capacitance of the lines does not correspond to the
capacitance of the model employed by the fault location algorithm.

In this validation step, we limited maximum variations of the
capacitance in the range from —50% to +50% of its nominal value. The
results are presented in Table 5.

The estimates of fault location obtained are directly linked with
capacitance variations in the configuration lines used for validation (x
and distributed models). On one hand, a capacitance variation of —50%
in the lines, involve estimates of the location of the faults to 50% below
real fault positions. On the other hand, a variation of capacitance of
+50% in the lines, implies estimates of fault location 50% above real
fault positions.

The final step of the validation imply the modification of all the lines’
parameters (Fig. 14a and b) that are R=17.5 * 1073 ohms, L =
0.00049 % 103 Henry, G=27 % 1071° Siemens, and C= 7.7
10! Farad.

The impedance parameters used by Egs. (5) and (6), are kept in line
with the values shown in Section II. During this stage of validation, se-
ries arc faults are inserted along a line of 70 meters in length using Data
14 (opening contact). series arc faults that use Data 15 (carbonized path)
are inserted to different positions along a 40 meter line. The subsequent
results obtained are displayed in Fig. 18

In the case of the 70-meter line, the level of estimation errors rises in
a linear fashion, as the arc-fault position increases (the measurement of
the distance uses the source as a reference). The highest rate of error
corresponds with the fault located at a point of 70 m, where it can reach
up to 33%. In a similar manner, errors that were recorded, when testing
a line of 40 meters in length, display a linear trend. A maximum level of
error of 20% occurs at a distance of 30 meters however.

During this final stage of validation, we are able to confirm also that
the performance of this method can be affected by the estimations of the
parameters of the line, that are used by the algorithm. Despite this being
the case, the results obtained during our tests, show only moderate levels
of error and the manner in which real fault distances are tracked can be

Table 4

Table 5
Capacitance variation (in the case of a 200 m length line).

Capacitance variation Real fault distance position

10 30 70 m 120 160 199
m m m m m
C =2.87%10"11 (-50% 5m 15 35m 60m 80m 98m
variation) m
C=8.61%10"11 (+50% 15 45 105 180 - -
variation) m m m m
35 T T T T T T
—&— Line length 70m (Data14-copper electrodes) d
30F —&— Line length 40m (Data15-carbonized path) 4
251
K20t _
=
o
= L ]
w 15
10
5r ]
0 '@ : L L . . 1
0 10 20 30 40 50 60 70

Real distance (m)

Fig. 18. The estimation of errors for different line’s parameters.

considered to be acceptable.

The obtained results with the proposed method of arcing fault
location in low length electric lines have been compared with different
methods from literature. In Table 5, we present the summary of all the
methods in low voltage lines including the method proposed in this
paper. Electrical line lengths are comprised between 25 and 1200 me-
ters. First of all it is important to specify that few methods concern the
location on lines of short length. Three of the methods are dedicated to
the DC domain and the three others to AC applications. From Table 6,
most of the methods are based on the analysis of the impedance pa-
rameters associated for two of them with artificial intelligence (genetic
algorithm and neural network). Table 5 shows that most of the methods
have been tested with resistive loads, unlike our method also tested with
inductive loads. The method presented in [33], based on travelling
waves, has a good accuracy but requires very high synchronisation. As
for the method presented in [28], it concerns parallel intermittent faults
which can be closed to short circuit faults.

One considerable advantage is that our method is less sensitive to
series arc fault impedance variations, that can be quite important with
arcing faults. On the same, in terms of error, our method is quite per-
forming (Error = 1%). As most of the other method require the selection
of a frequency band of analysis, in our case, the analysis is done at 50 Hz.

The estimations of fault distances, considering different inductance values (in the case of a 200 m length line).

Load Fault distance (m)

inductance 5 18 33 53 67 100 120 165 173 189
1 mH 5 18 33 53 67 100 120 165 173 189
5 mH 4 17 32 52 66 99 119 168 177 188
10 mH 5 23 40 61 76 99 118 167 175 188
20 mH 11 24 39 57 69 100 120 165 177 186
30 mH 10 22 35 54 67 98 117 164 176 185
40 mH 5 19 32 51 61 93 114 163 177 183
50 mH Inf 2 11 28 41 74 94 146 161 163
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Table 6
Comparison of the proposed method with recently proposed approaches.
Fault location method Power Type of fault Load Distribution Remarks Error
technology line length (%)
[15] Current, voltage and arc model AC 249 kV - Parallel high Resistor + 10 - 55 km Complex calculation in 0.17 -
parameter estimates at each 60 Hz impedance fault inductor parameters estimation 9.25
probable location
[30] Impedance parameters + Genetic 28V Intermittent Resistor 24.6 m Complex calculation in the J—
algorithm parallel arc fault solution of equations
[35] Traveling waves (pulses captured  DC 360 V Series arc fault Resistor 300 m Very high synchronization 2.5
by capacitors) is required
[36] Impedance parameters DC 720 V Series arc fault Resistor 1200 m Selection of a frequency —
band is required
[37] Impedance parameters AC230V-50 Series arc fault Resistor 49 m Selection of a frequency —
Hz band is required
[38] Impedance parameters + Neural AC230V-50 Series arc fault Resistor 39m-150 m Sensitive to arc fault 6
Network Hz impedance variations
Proposed Impedance parameters AC230V-50 Series arc fault Resistor + 30m-190 m Non sensitive to arc fault 1
method Hz inductor impedance variations

7. Conclusion

In this study, we have presented a new method for locating series-arc
faults, that is based on the virtual capacitive decoupling of a power line.
By generating a fault-map trace, obtained at different arc-fault locations,
we have enabled the creation of a baseline of main reference points. The
fault distance can be calculated by referring to the intersection of the
coefficients of the fault map trace and the coefficients, generated by
subtracting the estimated currents. This method is also able to estimate
fault distances precisely, when studying different line lengths, different
line models, as well as different inductance-load values. In addition to
this, the results show that this method functions correctly when
analyzing electrical-arc faults initiated by either opening contacts or
carbonized paths. In this work, the feasibility analysis of the location
method is tested on a particular electrical network composed on a single
line to be protect. For a complex network with lateral branches, the task
is more difficult and has not been tested in this work. In this case, it will
probably be necessary to place a locating device at each branch of the
line. In conclusion, we can confidently announce that this fault-location
method, based on the decoupling of mutual capacitance, shows prom-
ising results. Furthermore, it can be used with an embedded electronic
card in a manner that is computationally inexpensive.
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