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Abstract — This paper reports an experimental investigation of locating arc sources using
strategically placed antennas and the signal arrival times of first peak component of the wide-
band electromagnetic signals radiated from the sources toward the antennas. Theoretical
approaches of such electromagnetic source location are first introduced and then a new approach
of using the dominant frequency component of the first peak wave to clarify the source location
distance is discussed. Experiments of arc generation and radiation signal measurement are
conducted and, using the measured electromagnetic data, the arc source location method is
applied and the results are compared against the actual location. It is found that the first peak
arrival method works at a reasonable level of accuracy. Copyright © 2014 Praise Worthy Prize
S.r.l. - All rights reserved.
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Nomenclature

FD Directional Finding

PA Propagation Attenuation

RF Radio Frequency

TDOA Time Difference of Arrival
DDOA Distance Difference of Arrival
DOA Distance of Arrival

TOA Time of Arrival

ASCC Arc Source Cartesian Coordinates
ant; Antenna 1

LSM Least Square Method

D;; Distance delay

d; Distance difference of arrival

t; Signal time difference of arrival
n, (t) Wide-sense Gaussian noise

c Speed of signal wave (speed of light)
s(t) RF-Signal

T Time delay

F(X) Non-linear vector function

X (%.Yi:z)  Vector variable

DMS Distribution Management System
OMS Outage Management System
FPA First Peak of Arrival

l. Introduction

This paper investigates fault location based on radio
signals produced by arcing faults in power systems. In
distribution overhead line networks, numerous problems
can result in arcing faults.

These problems include trees coming into contact with
power lines, dirty insulators, as well as various other
types of insulation failures. [1] The difficulty in dealing
with such power arcs is that this type of fault induces low
currents that are undetectable by existing conventional
methods such as circuit breakers and relays, thus placing
the entire system at risk [2]. Therefore, location of arcing
faults is valuable for utility that operates and maintains a
distribution system. Some attempts in [1]-[7] have been
made to locate power arc by utilizing the radio frequency
(RF) signals generated from the arc.

This paper aims to add knowledge to this new area of
arc location via Radio Frequency (RF) signal. It is hoped
that a good detection system for arc-induced
electromagnetic wave using multiple strategically placed
antennas could soon be integrated to the distribution
management system (DMS) and/or outage Management
system (OMS) for accurate location of fault arcs and
faster power supply restoration and minimized outage
hours. Due to a large geographical area of distribution
system, the identification antennas must be placed
perhaps in the area where power arcs are frequently
reported by the maintenance technicians. These antennas
can be mounted on the poles under the overhead lines.

When an arc fault occurs, the associated time-varying
currents create electromagnetic radiation into the
surrounding space like a transmitting antenna. The
spectrum of the radiation is very wide due to the strong
irregularity of the time variation of the power arc. The
radiated wave is carried by electric and magnetic fields
which couple to each other according to Maxwell’s
differential equations. Even if the time dependence of the
radiated wave is not monochromatic, each of a sinusoidal
component travels with the speed of light to all directions
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away from the arc. The amplitude of the radiated signal
attenuates with increasing distance not only due to the
fact that the power density of a spherical wave decreases
but also due to absorption and scattering of the
electromagnetic energy by the structures and
inhomogeneity in the environment.

This electromagnetic wave can be recorded and the
time of arrival information gathered by the distributed
receiving antennas, enabling the position of the arcing
fault to be located [1]-[7], [10]-[13]. This paper discusses
in section Il the existing radio location methods followed
by the arc location experiments in section Ill in which
description of the experiments and measurement data are
discussed. Subsequently, source location using measured
data via radio energy level and radio wave first peak
arrival is described. Then, the description of the spectrum
peak arrival time, and its application for source finding
for a complete fault location algorithm is presented.

Also, overall source location results are discussed.
Finally, in section IV, the conclusions are presented with
suggested improvements.

Il. Power Arc Detection and

Location Methods

There are several approaches of RF-signal based
electromagnetic radiation source location. One method
relies on multiple directional antennas placed around a
possible source to decide the location [2], [3], [7], [9],
[14], [15]. The intersection of the concentric magnitude
pattern or the highest peak point made out from the
magnitude contour pattern of the antennas would produce
the source.

Another group of methods estimates time delays of
electromagnetic signal arrival time at different antennas
placed in different distance, and finds distance to the
source using the time differences. [1]-[16] Similar but
slightly different methods utilize the propagation times,
not the difference in arrival times (TDOA), registered at
the antennas located in different places and then estimate
the source location. [17], [13]-[23]

Below is a brief description of the common features of
the above mentioned RF-signal arrival-time based
methods. The basic aspect of the common features is
that, by the placement of the antennas, they determine a
RF signal source using the moments or time differences
the RF-signal arrived at different antennas. Under this

concept, with an antenna i located at ( X; , y; , z; ), for
example, and the source location coordinate ( X, , Ys. Z ).

The equation for the distance between the source and
the antenna can be expressed by RF signal arrival time at
antenna i, t; multiplied by the speed of the RF signal c as

follows:

ti'C=\/(Xs_xi)2+(ys_yi)2+(zs_zi)2 1)
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Similar relationship to the above can be obtained from
antennas for i = 2...n, where n is the total number of
antennas placed. Using the above relationship in (1), an
accurate estimate of the arcing source coordinate is
determined from the measured times of arrival (TOA)
and the coordinates of the antennas. [1]

In order to estimate the time delay or TOA, two
antennas are needed to capture the transmitted signal

s(t). Assuming that the signal y(t) received at antenna
ant, is the replica of x(t) captured by antenna ant; but
being delayed by time t;,. The signals x(t)and y(t)

received by a pair of antennas separated by distance
dy, xty,, are expressed as [1]:

O]

where «a is the signal amplitude attenuation factor,
n,(t) and n,(t) are the wide-sense Gaussian noise

processes which are uncorrelated with the signal of
interest s(t) and t is the time delay between the signal

arrival time.

Source position in placement 1
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Fig. 1. The source position placed at the intersection of the circles.
The measured distances of arrival (DOA) are the radii of the circle
centered at each antenna
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Another way of locating a source using the same
arrival time scheme is to draw a circle of radius
corresponding the arrival distance for each antenna as
illustrated in Fig. 1. This way is useful especially when
omnidirectional antennas are used. The arc source is
determined as the intersection point of the distance of
arrival (DOA) radii [1]. The time difference of signal
arrival (TDOA) at antennas has been popularly adopted
for high accuracy in location of a source since the advent
of radar.
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However, the common problem of the above
mentioned arrival time based methods is that, due to the
noisy RF signals measured at antenna, the exact arrival
time point is not always straightforward.

To solve the problem, we propose a method of arrival
time approach for arc source location by using the first
arriving peak (FAP) components of the noisy RF signals
as to decide the arrival time. An antenna with the peak at
the earliest is the closest to the source while the one with
peak at the latest, the farthest.

An experimental method of obtaining the needed
arrival times (TOA) or the time difference of arrival
(TDOA) and the feasibility study of the method proposed
using the acquired arrival times are the main subject of
the next section.

I11.  Arc Location Experiment

and Data Analysis

In order to evaluate the performance of the proposed
method, we performed a set of arc location experiments
as shown in Fig. 2 and Fig. 4. As shown in Fig. 4, 5 types
of antenna placements were made. These will help to
choose the suitable antenna arrangement that could be
adopted for power arc fault detection in power
distribution network [1].

I11.1. Experiment Set-up

The set-up depicted in Fig. 2 consists of four antennas
placed around the arc source covering a portion of RF
radiation space. The distances between two neighboring
antennas vary in interval of 2 to 12 m.

The antennas used as shown in Fig. 3 are Yagi — Uda
antennas which cover a frequency range of 47 - 862 MHz
with 75 Q impedance. The Yagi — Uda antenna is
commonly known as a Yagi antenna that is a directional
antenna consisting of a driven element namely a dipole
or folded dipole and additional parasitic elements such as
reflector and directors.

The reflector element is slightly longer typically at
about 5% than the driven dipole, whereas the so-called
directors are a little shorter. Yagi-Uda antennas are
directional along the axis perpendicular to the dipole in
the plane of the elements, from the reflector toward the
driven element and the directors.

Highly directional antennas such as the Yagi-Uda are
commonly referred to as beam antennas due to their high
gain. However, the Yagi-Uda design only achieves this
high gain over a rather narrow bandwidth, making it
useful for specific analytical communications bands like
high frequency (HF), very high frequency (VHF), and
ultra-high frequency (UHF) bands; therefore it is
appropriate to be used in the measurements of the
experiment. The arc is produced by a pine tree leaning on
an iron rod at a gap length of 5 mm, which is located at
(0.07, 8.89, 5.1) coordinate measured in meter in the
Euclidian plan, away from the closest antenna (used as a
reference antenna) which takes turns among the antennas
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according to placement variations: antenna 3 in
placement 1, antenna 4 in placement 2, antenna 4 in
placement 3, antenna 2 in placement 4 and antenna 1 in
placement 5.

Arc source

Current
conductor

Antennas

Fig. 2. The experimental setup for arc generation. A high voltage AC
source of 20 kV is used to generate the arcs. The arc is produced by tree
leaning on an iron rod

Fig. 3. The Yagi-Uda array which covers a frequency range
of 47 - 862 GHz

A high voltage AC source (voltage generator 0 ~ 260
V) feeding a transformer of 20/0.4 kV is used to generate
the arcs. Fig. 2 shows the actual arc produced between
the conductor and a pine tree during the experiment
carried out in the high voltage laboratory at Aalto
University of Finland.
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The output of each antenna is connected through
coaxial cable of 3 m to a multi-channel LeCroy digitizer
of 2 GHz/s sampling frequency in order to capture the
radiated RF signals from the arcs. The pine tree roots are
placed in a bowl filled with water in order to maintain the
tree in its natural environment conditions. The tree’s total
length is 9 m and it was leaning on the metallic rod at
about 5.1 m from the floor. The tree has a diameter of 75
mm at its bottom and 58 mm at the point where the arc is
produced. The arc current and voltage across the tree is
measured and recorded. Having obtained the current and
voltage values, the tree’s resistance is determined at
about 316 kQ. For each channel, signals are captured at
the sample rate of 20000 samples per microsecond as
illustrated in Fig. 5.
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Fig. 4. Antenna placements [1]
As shown in Figure 4 the five placement

methodologies are done as follow:

a. Placement 1: the antennas are horizontally placed on
the x-axis with ant 1 (-7.35, 0, 1.1), ant 2 (-3.68, 0,
1.1),ant3(0,0,1.1),andant 4 (2, 0, 1.1).

Placement 2: antennas 1, 2 and 3 are horizontally
placed on x-axis and the antenna 4 is slightly shifted
toward to the arc source, with ant 1 (-7.35, 0, 1.1),
ant2(-3.68,0,1.1),ant3 (0,0, 1.1),andant 4 (2,
2.1,1.1).

Placement 3: the antennas 1 and 3 remain on the on x-
axis while antennas 2 and 4 are placed much closer to
the arc source with ant 1 (-7.35, 0, 1.1), ant 2 (-3.68 ,
21,1.1),ant3(0,0,1.1),andant4 (2, 3.63, 1.1).
Placement 4: the antennas 1, 3 and 4 are horizontally
placed on x-axis and the antenna 2 is moved forward
and closer to the arc source point with ant 1 (-5.53 , 0
,11),ant 2 (-3.76 , 2.1, 1.1), ant 3 (-2.60, 0, 1.1),
andant4 (0,0, 1.1).

Placement 5: The 4 antennas are all vertically placed
on y-axis with ant 1 (0, 5.71, 1.1),ant 2 (0, 3.16,
1.1),ant3(0,1.74,1.1),andant4 (0,0, 1.1).
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In the legend of Fig. 4 ant; (with i =1, 2, 3, 4) stands
for antenna. S, and S are respectively the actual and

measured source points. From the arrangement of the
antennas, the theoretical arrival times of the radiated
signal first peak amplitude sent by the arc are calculated
and the results are presented in Table I.

In order to avoid the signal corruption due to the
surrounding free space interferences, only the first arrival
peak of the signal is considered. The measurement room
size is 21 m x 15 m x 15 m, and the antennas are placed
at about 10 m from the wall surface and 12 m from the
ceiling thus the signal reflections are avoided for the FPA
of signals integrity.

TABLE I
ACTUAL TIME OF ARRIVAL TOA [ns]
Placement t, t, t, t,
1 40.716 34745  32.495 33.165
2 40.712 34742  32.495 27.095
3 40.710  29.002  32.495 23.007
4 37.371 29.116  33.637 32.495
5 17.033 23293  27.309 32.495
TABLE Il

ACTUAL TIME DIFFERENCE OF ARRIVAL BETWEEN
THE ANTENNAS (TDOA) [Ns]

Placement t, ts t, the t, ty,
1 5.963 8.201 7524 2238 1561 0.677
2 5.963 8.201 13,594 2.238 7.632 5.393
3 11704 8201 17.682 3503 5.978 9.481
4 8.254 3.728 4864 4525 3389 1136
5 6.260 10.276 15461 4.016 9.201  5.185

TABLE Il

ACTUAL DISTANCE OF ARRIVAL (DOA) [m]

Placement d, d, d, d,

1 12215 10.424  9.748  9.949

2 12.214 10423  9.748  8.128

3 12.213 8.700 9.748  6.902

4 11.211 8.735 10.09  9.748

5 5.110 6.988 8.193  9.748
TABLE IV

ACTUAL DISTANCE DIFFERENCE OF ARRIVAL (DDOA) [M]

Placement d, d, d, d,, d,, d,,
1 1791 2467 2266 0.675 0474 0.201
2 1791 2465 4085 0.674 2294 1.620
3 3513 2465 5311 1.048 1798 2846
4 2477 1120 1463 135 1.014  0.343
5 1878 3.083 4638 1205 2760 1.556
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From the assumption that the arc RF signals travel at
the speed of light, the theoretical RF signal arrival times
(TOA) per placement are calculated using (1), fromt=0
of arc onset, in antenna j from arc source with (j =1, 2,
3, 4), ty; for each of the four antennas in placement 1 is

as follows: ty; = 40.716 ns, ty,= 34.745 ns, ty;= 32.495

ns and ty,= 33.165 ns. Similarly the other theoretical

TOA in each placement are calculated and presented in
Table 1. The distance from the source to each of the
antennas by the time arrival is calculated and presented
in Table I11.
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The signal times differences of arrival (TDOA)
between pairs of antennas are then derived by taking the
algebraic subtraction between pair of TOA and the
results are illustrated in Table II.

From the results obtained in Table IlI, the actual
distance differences between pairs of antennas are also
calculated and presented in Table V.

The explanation of the calculation results in the tables
discussed above is done in detail in the next section.

RF signal
% ‘
2
1 L
)]
°
=
3 0r
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<
At
2t
v 0 2 4 6 8 10
Time in second x10°

Fig. 5. The captured arc RF signal in placement 1

The gathered data by the digitizer snapshot of the time
expanded waveform in the receivers’ channels is plotted
using Matlab as illustrated in Figure 5 for placement 1, in
which antenna 3 is close to the arc source point which
presents much higher FPA amplitude compared to the
others as expected. From these 5 different placements,
the signal time and distance difference of arrival are then
calculated and the entire results are presented
respectively in Tables VI and VII.

The algorithm used to derive the exact arc source
point location based on the captured signal data is
explained in detail in the next paragraph.

111.2.  Measured Data Analysis Algorithm

The first peak detection finds the crests with the
highest amplitude in the received waveforms and uses the
difference to calculate the TDOA as is illustrated in Fig.
6. To do so, pair of signal is considered.

For instance using two signals namely antenna 1 (ant;)
and antenna 2 (ant,), the first peak times of arrival as
shown in Table V are calculated by dividing the first
peak corresponding sample number (N;) by the total

number of samples (N ). As seen in Fig. 6, N; and N,

are respectively the first peak sample number of antenna
1 and antenna 2. A ratio of N;/N (with N = 20000 and i

Copyright © 2014 Praise Worthy Prize S.r.1. - All rights reserved

=1, 2, 3 and 4) is multiply by the sampling time T,=1ns
and thus gives the TOA.
From [(N;=N;) /N] xT, the TDOA is also

determined. The entire results of TOA and TDOA are
illustrated respectively in Tables V and VII. Having
calculated TOA and TDOA, the distances of arrival DOA
and the difference distances of arrival DDOA are directly
derived as DOA = ¢xTOA and DDOA = c¢xTDOA
where ¢ is the speed of signal propagation (similar to the
speed of light).

The outcomes of DOA and DDOA are respectively
shown in Tables VIl and VIII.

First peak detection

=

0011

0.005]

DDA, =, M /NJST,

—0.005

=0.07%

5100 5200 5300 5400 5500 S600 5700 5800
Mumber of samples

Fig. 6. RF signal first peak time of arrival calculation

TABLE V
MEASERED TIME OF ARRIVAL TOA [Ns]
Placement t t, t t,
1 33.426 32.78 32.32 32.312
2 35.492 31.035 31.644 32.148
3 34.16 31.76 32.012 31.201
4 33.09 31.219 31.602 31.383
5 24.518 24.966 25.329 25.907
TABLE VI

MEASURED TIME DIFFERENCE OF ARRIVAL BETWEEN
THE ANTENNAS (TDOA) [ns]

Placement t, t, t, t, t ts,
1 0.997 1.15 1198  0.622 0.635 0.334
2 451 3.848 3.345 1.584 2.021 0.573
3 2.523 2.159 2.991 1.221 1.115 1.008
4 1.871 1.519 1.707 0.765 0.488 0.363
5 0.497 0.819 1.39 0.364  0.942 0.578
TABLE VII
MEASURED DISTANCE OF ARRIVAL (DOA) [m]
Placement d, d, d, d,
1 10.028 9.834 9.696 9.694
2 10.648 9.311 9.493 9.644
3 10.248 9.528 9.604 9.36
4 9.927 9.366 9.481 9.415
5 7.355 7.49 7.599 7.772
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TABLE VIII TABLE X
MEASURED DISTANCE DIFFERENCE OF ARRIVAL (DDOA)[m] ARC SOURCE POSITION
Placement d, d, d, dyy d,, dy, Placement , Actualysource ) - Measure;d source )
% fggg ‘1)'?;‘2 gggg 8411% 8(}38% 001*%2 1 0.0696 88771 50042 -01326 81057 50042
3 075 obas 0897 0366 033 0302 2 0.0696 8.8771 5.0942 -0.0478 8.4566 4.8927
A 0561 0456 0512 023 0146 0109 3 0.0696 8.8771 5.0942 0.1185 9.0356 5.1781
: 0149 0246 0417 0409 0283 0173 4 0.0696 8.8771 5.0942 -0.0729 8.4892 4.9083
' : : ' s : 5 0.0696 8.8771 5.0942 0.0715 8.7641 5.0193
111.3. Results and Discussion ERRO-II—?A;I‘?II/_AESééZ -
According to [1] the solution of (1) is formed by an Placement X y z
application of the Newton-Raphson technique to solve ; 8-5252 8-‘71;(1)‘5‘ 8-(2’8%)
the nonlinear function illustrated in (3). The equation (3) 3 00489 01585 00839
is a reformulation of (1) and yields a nonlinear function 4 0.1425 0.3879 0.1859
vector F(X) to be solved with numerical methods, like 5 0.0730  0.1130  0.0749

least square method (LSM):

F(X)=\/(xs—xi)z+(ys—yi)2+(zs—zi)2 -Dby (3)

F(X) is a non-linear vector function discussed in

detail in [1] and X = (X, y, Z) is a vector variable.
Function F(X) is expanded using Taylor’s series in

vicinity of the root iteration X° :(xo,yo,zo) as the

iteration guess point. Table IX presents the iteration
outcomes results.

The guess point was set at (0.07, 8.8, 5) and the non-
linear system (3) was solved after 5 iterations when the
sum of squared function values reaches 1.58e-025 that is
less than square root of the function tolerance default set
as 1.e-003. With the relative norm of the gradient of the
sum of squared function values of 9.41e-015, and that is
less than the product of le-4 by the square root of the
function tolerance which rapidly converges close to 1.e-
010, thus completed the iteration when the vector of
function values also converge near zero as illustrated in
Table IX. Finally Table X shows the entire result of the
arc source x-y-z coordinates (ASCC).

From the observation of Table X, the x-coordinates of
the calculated arc source point in these 5 placements are
shifted from the actual source value by 0.3462, 0.2010,
0.0837, 0.2440 and 0.1250 m respectively for placements
1,2,3,4and5.

The y-coordinates are shifted in the same order by
0.4167, 0.2271, 0.0856, 0.2095 and 0.0610 m. Similarly
z-coordinates are displaced by 0, 0.3689, 0.1536, 0.3404
and 0.1371 m and the error summary between the actual
and the measured source Cartesian coordinates (ASCC)
are shown in Table XI.

TABLE IX
ITERATION RESULTS
lteration  "U"C" Residual Lrstorder ) . pga  Normof
count optimality step

0 4 1145.02 602 0.01

1 8 148168 44.3 0.001 1.74278

2 12 0.0013239 0.518 0.0001 0.190718
3 16 3.01e-011 7.82e-005 le-05 0.002340
4 20 1.58e-025 5.66e-012 1le-06 3.53e-007
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The calculated ASCC are scattered as presented in
Figs. 7, 8, 9 and 10 with colored dot (o) marks, along
with the true coordinate of the arc source which is
marked by red filled small circle in Fig. 8 and by blue
filled circle (o) in Figs. 7, 9 and 10.

From Figures 7, 9 and 10 one can clearly observe that
the measured arc source point per placement lies inside
the unit circle centered at the true source. This implies
that the method of the first peak arrival of signal
components shows certain accuracy and is scientifically
meaningful.

Similar observation can be seen in Figure 8 where the
measured arc sources per placement are all within a unit
sphere with its center gravity at the actual source point.
The performance of this first arrival peak method is quite
promising as the measured source points are displaced
from the actual source with maximum error at about
0.4167 in per unit scale taken from the data illustrated in
Table X. The measured source is displaced from the
actual position with an accuracy of 0.7975, 0.4459,
0.1676, 0.4209 and 0.1361 m respectively for the
placements 1, 2, 3, 4 and 5.

Source position location in xy-plan
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Fig. 7. Measured and actual sources observed in 2D (x , z)-plan
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Arc source 3D position
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Fig. 8. Measured and actual sources observed in 3D Cartesian plane

Source position location in xz-plan
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Fig. 9. Measured and actual sources observed in 2D (x , z)-plan

Source position location in yz-plan
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Fig. 10. Measured and actual sources observed in 2D (y , z)-plan
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It can be seen that the placement 5 presents an
accurate prediction followed respectively by placements
3,4, 2 and 1 as shown in Fig. 8. The placements 1 and 5
into which the antennas are respectively perfectly
horizontally and vertically aligned seem to be less
accurate than the others when using the first peak method
as compared to the cross correlation done by [1] with the
same measurement data, where they were much accurate
than the other placement. However placements 3 and 4
which are almost similar produced a measured source at
almost the same distance from the actual source and that
was indeed expected and that was also the case in the
study of [1]. The errors as shown in Table X, as already
discussed in [1] come mainly from the signal reflection
due the placement of antennas quite close to each other.
However these errors seemed not to influence the signal
integrity and measurement, since they are quite small.
Thus the arc source fault, when it occurs on the field, can
immediately be discovered when this proposed algorithm
is used. From the experiment and initial analysis, the
outcomes are: (i) the conventional method of time
difference, using the proposed signal first peaks” arrival,
works at a reasonable level of accuracy and (ii) the new
proposed method of timing the first peak of the dominant
signal shows its potential in clarifying the arrival time
point. Also, clear is that we need more tests with longer
distances of the antenna placement from the arc source in
locations on random selection.

IVV. Conclusion

This paper reported an experimental investigation of
power arc source location using radio frequency
measurements. The RF signal first peak arrival time
method was applied to capture the signals’ energy at each
antenna to accurately determine the distance between the
antenna and the actual power arcing source.

The investigation found that the method of first peak
arrival time of signals, worked at a reasonable level of
accuracy and that the proposed method of timing the first
peak of the signal showed its potential in clarifying the
location technique. Also, the investigation found that
more tests were needed with longer distances of the
antenna placement from the arc source in locations of
random selection, before more conclusions can be made
of the performance of the method in real field cases.
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