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Abstract-- In the present paper the length results of 69
artificially generated arcs obtained through the analysis of
both visual records generated with two cameras and the
first pseudo-harmonic voltage between the arcs terminals
are presented. An important contribution obtained with
the analysis of the visual records of the arc and its
harmonic content is presented.
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I. INTRODUCTION

HE major part of faults in electrical system arage-

phase and transitory [1] what makes possible tdyapp
maneuver
(SPAR) to normalize the system. There is a critacgbect to
consider when using SPAR: the secondary arc must
extinguished before the reclosing to ensure thatsthitching
succeeds [2 — 4].

Provided that such maneuver consists in openingties
faulty phase during a short time, minimizing thstdibance in
the electrical system, the Brazilian Electrical gye

called Single-Phase Auto-Reclosure Swigchi

of long arcs in free air for different arc currents

An innovative approach regarding the identificatafrthe
instant when the arc becomes stabilized is predente

In the following sections the field tests will bestribed.
Afterwards the methodology to estimate the arc tleng
variation is presented, as well as the identifaratof the
instant when the arc is stabilized and homogen#wosgh the
harmonic content. Finally some results regarding légmgth
variation for several arc current levels are presén

The extinction of the secondary arc is imperativetudies
for SPAR, as this phenomenon indicates when théefhu
phase can be reclosed successfully. However, havier is
very complex, influenced by a variety of parameterbe
eBginction time of the secondary arc depends onh suc
parameters, which include: electric network-arceiattion,
transmission line length, location of the fault meence along
the line, line compensation levels, secondary ancreat
amplitude, line voltage level, line insulation amendom
weather-related variables such as wind, humidityd an

FIELD TESTS

Regulatory Agency (ANEEL) has recommended that negmperature.

transmission lines must be capable of carrying suwth
switching. Since then a mathematical model of elearcs
has been pursued in order to enable the developofean
effective SPAR design [5]. The elongation of thectlical arc
length is a significant factor related to the axtiretion and
arcing duration, and therefore is an important petar for the
pursued model.

Laboratory experiments in a non-confined environme

were conducted in order to make a detailed invastig into
the physical processes involved during the occogenf the
secondary arc. In this paper the data provided lmset
experiments will be used for the estimation of bngariation
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The electric arc models available in the literatdie not
adequately represent the phenomena involved, edlyeas
regards the time constants that describe the amandigs.
Another characteristic of the arc that has not beamectly
represented is its elongation.

In 2003, an important research project was initiate
evaluate and improve the performance of single@has
ﬁutoreclosing in transmission lines.

The main objective of that research project isdguire and
validate a robust model of secondary arc in aiapéing one to
simulate the interaction between the arc and theark and
determine the success (or failure) of the SPAR.

The database used in this study was produced loytésts
conducted by the CEPEL High Power Laboratory [fjeJe
tests were conducted on an experimental sectioB06f kV
transmission line installed inside the facility, ieth represents
actual transmission line conditions (fig. 1). Thection is
formed by three transmission towers, one anchoretow
positioned between two suspension towers, andhallother
elements such as insulator strings, shield ringsases
conductors and ground wires.

The tests consisted in generating the electric layc
imposing a sustained current of 60 Hz for 1 s. Desihe
secondary arc current usually being less thah AQs for
relatively short lines, in the tests arc currenfs up to



10,000 Ans Were imposed, as the research project aims dpplied, with a width equivalent to a 60 Hz peradl moving

obtain an arc model for up to this current levehaiv dealing
with very long transmission trunk like half-wave nigh

transmission higher secondary arc current leveld @A ms

are expected. The study involved the analysis sif tevith the
following current levels: 15 fs, 30 Ams, 50 Ams 60 Ams

100 Anms 150 Ams, 200 Ams 300 Ams, 500 Ams, 1000 Ans,

3000 Amsand 10,000 Ay
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Fig. 1. 500 kV tower structure used in the experits.

The arc is formed between the top point of the laisu
string, connected to the tower structure, whiclgrisunded,
and the bottom point of the string, connected &phase, with
the use of a fuse wire connected in parallel toittseilator
string (fig. 2). The insulator string length is 8.6. The arc
ignition is enabled by the current passing throtigh wire.
The fuse wire then vaporizes. After 1 s of arc tigni the
sustained current is interrupted. I-shaped insulstiings were
used in the vast majority of the tests analyzethée present
study, but some V-shaped strings were also used.
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Fig. 2. Former instants of electric arc ignitidarsy the insulator string.

The samples are acquired and stored by a systeefoged

by the CEPEL. This acquisition system is in constan

development and is currently capable of procesathqillion

samples per second through 4 independent channels.
Visual record of each test is made with two camefée

meteorological conditions during the test are atsmrded.

The data collected during the tests were initiatyifyed
and any inconsistence encountered was correctedifisplly
for the fundamental frequency arc current and tb#age
between the arc terminals. Following, the harmaoictent of
the arc current and of the voltage between theterroinals
were obtained by applying the Windowed (or Shortd)
Discrete Fourier Transform (WDFT). The WDFT is aicgd
by splitting the signal by a window function. Thehe

I NITIAL DATA TREATMENT AND HARMONIC CONTENT

in steps of 2Qus.

Further details about the acquisition, considerati@and
results of the harmonic content of the analyzedstese
described in [7] and [8].

IV. ARCLENGTHESTIMATION METHODOLOGY

A. Arc Propertiesin Stabilized Conditions

Considering the arc electrical properties in siabd
conditions, some equations relating the voltagevéen the
arc terminals () and the arc length (L) have been empirically
obtained in earlier studies. The most known apgroaas
developed by Ayrton [9]:

oo meB o)

In (1) the former term represents the voltage diop to
anode and cathode regions, while the second terrhes
voltage drop along the arc column. In long arcsth@sones
analyzed in the present paper, the anode and aatfegiions
are very small when compared with the remaindethefarc
and its influence may be discarded. This results in

o, -[c2)

For arcs with constant current or with high currehé arc
length depends mainly of the voltage between the ar
terminals:

L=kU, (3)

However, in the present paper the arc current range
analyzed varies from low current (18,9 up to high current
(10* Amg. And although the aim was to have a constant
current experiment, a small variation of the arcrent was
observed for some tests, mainly when the elongatias too
extreme. This current variation could reach 15 %sdme
experiments, mainly at the final part of the tests.

In order to take the current variation into accoantelation
as the proposed by Warrington [10] was used:

L=kU,l“ (4)

Nevertheless, the values bfanda to be used in (4) will
not match the values originally presented by Watan, since
some improvements in those data are needed [11].

The k parameter will need to be obtained in order to
estimate the arc length for any test time instamice the
voltage between the arc terminal and the arc cuaenfield-
measured data. The factgris not constant for all the current
range, but at this stage of the study it was asdughe 025
for all the treated cases.

In this study instead of using the voltage betwtenarc
terminal and the arc current to derive the arc tleng was
used the first pseudo harmonic order of the voltageveen
the arc terminals and of the arc current to obttaénarc length

1)

)

spectrum of each segment is determined by the @&crpssed on (4).

Fourier Transform. To this end a rectangular tyjredew was



B. Arc Sabilization length did not occur. That could easily be ideetfin some

Just after the arc ignition in the tests, the avesdnot have €Xperiments were the arc elongation did not comedpto

its electrical characteristics stabilized and (4nmot be Varc increase. In fig. 4 this inconsistence can be :sten
utilized. This is due to mainly one or more of fielowing frames correspond to two instants of an experimene Varg
reasons: at the second instant is almost twice the formstaimt and the

- influence of the metallic vapors resulting frohetfuse arc elongation does not indicate such a high lewattation.

wire used in the arc ignition;

- direct contact of the electric arc with the irsdal string,
causing heat transfer from the arc to the string;

- insufficient time for plasma stabilization.

This means that only after arc stabilizatioparameter in
(4) can be obtained.

iy i AR

C. Preliminary Arc Length Variation Estimation

To evaluate the relation between the arc length thig first
pseudo harmonic order of the voltage between the
terminals (Varg) for each experiment, or in other words, t
identify k parameter in (4), the arc length had to be knotvn
some instant. The identification of this arc lengts obtained
through visual inspection of the videos made frém@ tests.
The error of this measurement is not small at skagie of the iy 3 Former instants of 60,4 rating arc.
research and more elaborated procedure is beinglap=d
[12]. D. Identifying Arc Sability

At the present the arc videos were decomposedvierae  The inconsistence found for some experiments in the
pictures and each pair of pictures was analyze@. Wileos previous section suggested that the arc was rinitizéal when
were not synchronized and that can increase tloe. deside the relation between Varand the arc length was obtained.
that the arc length measurement was made obseth®g This means that identifying the instant when the lsecame
pictures and to reduce the error only the testsreviige arc completely free in the air was not enough to fignd t
elongate mainly in the plane captured by the canmezee
treated. That reduced the universe of tests froth&ilable
arcs to 69.

As stated in the previous section, the expectedtiosl
between Varc and the estimated arc length can only kb
obtained after the arc is stabilized. This instaas supposed
to occur just after the arc went free in the airtisat no arc
could be seen still linked to the insulator stringpere it ' =
initiated. This length measurement should introdess error, 40000 | | W]/ e
as the arc would not have twisted around itselfkintathe N
visual length estimation more difficult. J r

The former approach was that when the arc no lohgdr 30000 AY
contact with the insulator string it would be eueily
stabilized and that frame would be selected to oreathe
initial arc length (lg).

Fig. 3 shows the former instants of one of the asdscted 27
for the present study, being the last frame the smiected to 10000 /J
visually measure the arc length. The frame ratth@fcameras ‘m\j/
used was 30 frames/second (f/s).

Relating the arc length obtained through visuapéasion
with Varg at that time instant (this time was supposed to | _
the initial arc time —g), from (4) the arc length could beFig- 4..Identifying coherence bemeen arc elongatend first pseudo

. . . . harmonic voltage between arc terminals.
estimated for the remainder of the experiment. Hproach o . . '

. A new criterion to identify when the arc was fiyall
was applied to all the arcs analyzed.

. . . tabilized in the air was then pur . rv r
However, the results obtained with this proceduesennot jvr?:re ?r?e relati)na arc ?esn tﬁ i E)/u ;;éerg agssjatgg:dctshe
consistent. It was observed that in an importamber of 9 a q

. . ones where this did not occurred as expected, utdcbe
experiments the expected relation between Vand the arc verified that for the former arcs the harmonic emmtwas
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stabilized, what did not happened with the lattqregiments.

Fig. 5 and fig. 6 show the harmonic content of gapegiment

with valid arc length - Varcrelation and another with
inconsistent result, respectively, with the instahien the arc
was supposed to be stabilized.
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Fig. 5. Ratio between odd pseudo harmonics anddider pseudo harmonic
of the voltage between the arc terminals for theeerent with consistent
result, with the instant when relation between kmgth and Varc was
adopted.
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Fig. 6. Ratio between odd pseudo harmonics anddider pseudo harmonic
of the voltage between the arc terminals for thpeement with non-
consistent result, with the instant when relatietween arc length and Varc
was adopted.

Analyzing the previous results arose the hypothibsisthe

instant when the arc harmonic content was stabilize

corresponded to the instant when the arc would hitsre
electric characteristics also stabilized, which nseiénding

The new approach to find, twas applied to all the
experiments. For the majority of the experimenis thstant
occurred between 150 and 300 ms. In fig. 7 it iswshthe
stabilizing arc instant for 4 experiments with wlist current
class, where it can be seen the harmonic contefgtiea in
the former instants of the experiments, tendingatals a flat
profile after the arc is stabilized.

The length variations obtained with this hypothesere
much more consistent with the visual records, iatilg that
the approach that identified the arc stabilizatiostant
through its harmonic content was adequate. The nmeswits
are presented in the following.
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Fig. 7. Instant when the electric arc becomes kabi of four distinct tests:
() 30 Arms rating arc, () 60 Arms rating arc|lXI100 Arms rating arc and
(IV) 500 Arms rating arc.

V. RESULTS

The amount of cases treated was restricted to 69
experiments, with current level varying from 15phAto
1000 Ans In table | it is presented the number and theerr
class of the analyzed arcs. Beside that the relativc
elongation and the effective arc lengths are ateggnted. The
relative arc elongation is the relation between reximum

arc length during the experiment and the initiallangth (lo).
TABLE |
ARCLENGTHESTIMATION

Arc Rating | Number Relative Length Maximum Length (m)
(Arms) of Tests | Average | Mini Maximum| Average | Minimum | Maximum
15 4 4.67 2.99 6.10 36.83 20.32 4514
30 8 257 235 455 2522 18.31 34.16
60 31 3.16 1.91 4.96 26.97 18.30 39.33
100 5 2.79 213 454 2422 19.40 38.60
150 2 3.15 219 410 26.58 19.52 33.64
200 3 2.85 2.60 2.97 25.49 24.08 27.93
300 14 2.78 2.22 3.45 25.28 20.91 33.13
500 1 2.92 ¥ % 21.91 x ¥
1000 1 2.09 * * 2212 * *

In fig. 8 the average relative maximum length ekttian
for each arc rating with the larger number of tedatases is
presented. The cases with higher current elondesss what
can be explained by its interaction with the agghexchange
and influence of weather conditions). However thatation
tends to a constant for higher currents.

15 30 60 100 300

Rating Arc [Arm.]

450

4.00

Average Relative Length

Fig. 8. Average relative length elongation for seleating arcs.



It is difficult to obtain the length variation ofgher current reduction occurs when the arc twists around itetf makes a
arcs through the proposed method, for instancearfts up to clew, and this arc section is abruptly separatemnfrthe
10 kAms that were generated, due to the high luminositgmainder of the arc.

generated by such arcs, what saturates the imag#sred by
the cameras, preventing the initial visual analyBigperiments

The present arc length results can be appliedctonadels.

Representative 60rms Rating Arcs

made with recently acquired cameras will overcorhgs t
problem. s ! y=
Fig. 9 and fig. 10 show the length variation of thk arcs 3 ‘ _
analyzed for 60 A and 300 Aws arcs rating, respectively. In g | I | T ™ i
fig. 11 and fig. 12 only three curves are preseffiveceach of g *f ' — T / "] = Tbisain
these current classes: the ones that had the maxana the § sl | 4 : AT 2 Minor
lowest length variation, and an experiment with ar M\ o
intermediate length variation. = PV .
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Fig. 12. Estimated length of three selected ar¢k®BO00 Ans arc rating.
g 20
i VI. CONCLUSIONS
on . . .
g In the present paper the arc length variation fbekctric
- ipe - . . .

10 arcs artificially generated in non-confined enviment were
presented. The length estimation was based in Ivaalysis
of the arc at its initial stage, when it was stabi in the air.

0 From this former arc lengthglit was possible to obtain its

t [8]

Fig. 10. Estimated length of the 30@wAarcs rating.

Analyzing fig. 9-12 it can be observed the comptex
behavior what is also evident in its length vaoati An
important influence for the arc elongation is thiedy but up
to now the wind measures treated were in a low tiate,
which were not adequate to the fast length/volteaeation.
New equipments already acquired will enhance thegtke
variation analysis in a near future.

It can be noted that the initial arc lengthik greater than
the insulator string length, as it correspondethstabilized
arc length. For the 60 4 cases b varies from 7 to 10 m,
while the insulator string was 4.05 m. Also it damobserved
that the arc length L(t) is not a monothonic cures, it
decreases and increases during the experiment.|eftgth

length L(t) during the remainder of the experimbased on
the first pseudo harmonic order of the voltage betwthe arc
terminals and of the arc current.

A new method to identify the initial arc stabiliginnstant
was proposed. The results obtained for the ardhevayiation
were coherent with the voltage between the arc iteim
variation and corroborate the methodology.

The results demonstrated that there is a greaatiami of
the arc elongation, even within the same curreigarcs.

Low current arc had higher length variation, whiligh
current arcs had almost the same length variaBpecifically,
15 Ams arc current class had a mean variation of 4.7 diitse
initial length (obtained when the arc was stabdizewhile
300 Ams arc current class had a mean variation of 2.94ikge
When compared to the arc length when it ignites,riation
would increase, respectively, to 9.1 times andif@s.

In near future new results related to higher curass



arcs will be presented, and also more data regandaather
factors, specially wind effect to arc elongationllwbe
provided.
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