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Abstract--This study involves the application of the Windowed
Discrete Fourier Transform in order to obtain the harmonic
content of the current and voltage between the terminals of 543
artificially generated éectric arcs. This harmonic content can be
used to identify the moment at which the arc is stabilized in the
air. A statistical analysis of the results, considering only the
period for which the arc is stabilized, enabled the establishment of
the harmonic signatur e of the electric arcs.
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I. INTRODUCTION

current and of the voltage between the arc terminal

By using this harmonic content one can identify the
harmonic signature for the arc [6]. Additional riksucovering
a greater number of sustained arc current levelpegsented,
consolidating this harmonic signature.

Furthermore, the harmonic analysis allows the ifleation
of the instant at which the electric arc is stabiti in the air
and the collected data can be used to ascertairsdabght
mathematic model.

Il. FIELD TESTS
The extinction of the secondary arc is imperativetudies

ost disturbances of an electrical system occurh@ tfor SPAR, as this phenomenon indicates when thétethu
transmission lines. These disturbances are maififase can be reclosed successfully. However, havber is

single-phase and transitory, the latter charatiefi®ing even
more accentuated in extra-high voltage lines [Ilg®-phase
autoreclosing (SPAR), which consists in openingy otfle
faulted phase, is the most recommended switchiogepture
to eliminate this kind of fault, offering the higtelevel of
stability to the system.

However, there is a critical aspect to considerwhsging
SPAR: the secondary arc must be extinguished befuee
reclosing, to ensure that the switching succeeds 42 Some
research groups around the world continue to sefocta
consistent electric arc model. A more reliable espntation of
the arcs during a fault is of utmost importance foe
development of an effective SPAR design [5].

very complex, influenced by a variety of parametéerbe
extinction time of the secondary arc depends onh suc
parameters, which include: electric network-arcerattion,
transmission line length, location of the fault meence along
the line, line compensation levels, secondary ancreat
amplitude, line voltage level, line insulation amdndom
weather-related variables such as wind, humidityd an
temperature.

The electric arc models available in the literatde not
adequately represent the phenomena involved, edlyeeis
regards the time constants that describe the apaniigs.
Another characteristic of the arc that has not beamectly
represented is its elongation.

Laboratory experiments in a non-confined environimen |, 2003, an important research project was initiate

were conducted in order to make a detailed invastig into
the physical processes involved during the occaegeuf the
secondary arc. One of the results obtained duhadreatment
of the data from these tests was the harmonic nbofehe arc
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evaluate and improve the performance of single@has
autoreclosing 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 [feJe
tests were conducted on an experimental sectioB06f kV
transmission line installed inside the facility, iain 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 ringsasgs
conductors and ground wires.
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Fig. 1. 500 kV tower structure used in the experits.

Due to the large volume of data, numerical pre-pssing
was required so as to verify the consistency aparsge the
desired information from the data. Fig. 3 shows th#age
| ; . between the arc terminals and the sustained cuofethie arc
relatively short lines, in the tests arc currenfs up to during a complete test of current rating 20@sAThe voltage

18'0_00 Ams Were dln:p:cosed, as ht_he researlch Eg}:{e‘;t ‘?'ms im:rease between the arc terminals is apparertt elerigates
obtain an arc model for up to this current leveh ealing < ihe test progresses.

with very long transmission trunk like half-wave nigh

The tests consisted in generating the electric layc
imposing a sustained current of 60 Hz for 1 s. Desghe
secondary arc current usually being less thah A for

transmission higher secondary arc current leveld GBfA s 300. e i 1% -
are expected. The study involved the analysis sif teith the 200. ““““ n I
following current levels: 15 fs, 30 Ams, 50 Ams 60 Ans, - 20. o
100 Ams, 150 Ams, 200 Ams 300 Ams, 500 Ams 1000 Ans = =00+ I ’ S
3000 Amsand 10,000 Ays § G 0. go
The arc is formed between the top point of the latsu 3 _100. S
string, connected to the tower structure, whiclgisunded, ™ -20.m
and the bottom point of the string, connected &phase, with =20 ” l
the use of a fuse wire connected in parallel to itisailator -300. —40.
string (fig. 2). The arc ignition is enabled by tlearrent 0 0.2 0.4 0.6 0.8 1
passing through this wire. The fuse wire then vizgsr After t [s]

1s of a_trc lgnltlon,.the sustained ?urrem IS mltpted I- Fig. 3. Voltage and sustained current obtainethfeofield test of arc rating
shaped insulator strings were used in the vastnibajof the 200 A

treated tests, but some V-shaped strings wereugks.

Fig. 2. Former instants of electric arc ignitidarey the insulator string.

To evaluate the arc dynamic behavior and investiga¢
associated time constants, current impulses witferdnt
waveforms, polarities and amplitudes have beerctegkinto
the sustained arc at different specific time witthia period of
the arc power frequency current. Impulse currestftimes of
1 ps, Sus and 1Q0us, with peak values of 5, 10 and 20 % of
60 Hz current component amplitude, and of positawed
negative polarity, have been used. In the presapemponly
low-order pseudo-harmonics are analyzed. Some tsesul
regarding the arc dynamic response and the timetaois
related to arc model can be found in [7].

The samples are acquired and stored by a systeatoped
by the CEPEL. This acquisition system is in cornistan
development and is currently capable of procesBihaqiillion  Fig. 4. images of the test of arc rating 209A




Some images of this test of current rating 20Qs/Are functions in time, however it is assumed that facrewindow
shown in fig. 4. These photographs give one a bétta of of time these signals can be treated as periodithig stage of
the speed of the arc variation during the testhd\igh in the work no comparison was performed regardingersfft
chronological order, the intervals between eachgenare not methods to obtain the pseudo-harmonic content.
necessarily constant. From this analysis it was possible to identify aymo-

More details of the voltage and current of thigd &m be harmonic signature for these arcs.
found in fig. 5 and 6. As the test involved the omjion of a . .
sustained current (60 Hz), it can be noted that diweent ,A' An'alyssof the Current Rating ZOO_A'"ETe;t
amplitude is maintained practically constant thioag the 1 HiS Section presents the results obtained from\e-T
test. Meanwhile, the voltage between the arc teatwin 2nalysis of the current rating 20Qréarcs. Fig. 7 shows the
increases, although its wave shape remains siniidicating amplitudes of the f|rs_t order pseudo-harmonic @& toltage
that the “pseudo-harmonic” content did not varyingrthe bet\/\_/een the arc termmal;, Varand of the arc current, larc
experiment. Fig. 8 shows the amplitudes of the other odd opdeudo-
harmonics of voltage calculated for this test.

300 - Fig. 9 shows the relation between the amplitudeb@bdd
200. | ' order pseudo-harmonics of the voltage between tte a
< 100. | 5. & terminals and the amplitude of the first order pebarmonic
5 0 " g of tr.n.s voltage. The odd order pseudo harmonics \mg
£ — 3 significant, however gradually drop as the harmoaoider
o - . .
= ‘ R increases. By the 15order, the amplitude of the pseudo
SE00) -10. harmonic of voltage is already insignificant.
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Fig. 6. Voltage between the arc terminals andasuetl arc current obtained 7t
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The pseudo-harmonic contents of the current anthef ‘
voltage between the terminals of secondary arcsuned in - O
the tests were obtained by applying the Windoweds(uwrt- T O'4t [SO]‘6 0-8 !
time) Discrete Fourier Transform (WDFT). The WDF§ iFig. 8. Amplitude of the odd order pseudo harmori€ghe voltage of a
acquired by splitting the signal into smaller segtag by 200 Ansrating arc.
multiplying the original signal by a window functioThen the
spectrum of each segment is determined by the &wscr
Fourier Transform. To this end a retangular typedeiv was
applied, with a width equivalent to a 60 Hz perawl moving
in steps of 2(us.

Continuous analysis of these spectra reveals thhitin
of the frequency content over time, characterizangime-
frequency distribution.

Pseudo-harmonics were calculated up to th® dsler of
the field test secondary arcs. The term “pseudaised due to
the fact that the current and voltage are not p#yfe@eriodic

As the voltage wave (fig. 5 and 6) is approximately
symmetrical in relation to the abscissa, the haimon
frequencies present will primarily be odd multiple§ the
fundamental frequency. Therefore, the even ordexughs
harmonics of the voltage between the arc terminedsvery
small [6].

The harmonic level of the current is much smakemtthat
of the voltage. This low harmonic content of therent is
explained by the fact that throughout the wholé ttes current
signal is imposed with an approximately "pure" sirsd



signal of 60 Hz. Beside that, the harmonic curcamttent that
appears is due to interation between the arc aaedsthurce
frequency response.
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Fig. 9. Relation between the amplitudes of the psielido harmonics and the
amplitude of the first order pseudo harmonic of totage between the arc

terminals of a 200 #\s rating arc.

It should be pointed out that the secondary arceatithat
arises during single-phase opening is fed by theadtive
coupling between the healthy phases that remairgzee and
the open phase. As the voltages of the healthygshae fed
by the 60 Hz system (industrial frequency), therewir will
predominantly be a signal on that frequency. Theil,
however, be some harmonics due to the harmonicenbf
the voltage between the arc terminals that willggate low
amplitude voltage harmonics in the healthy phasgs
coupling. These low amplitude harmonics will gerersmall
current harmonics by coupling in the secondary arc.

Based on the foregoing, one can consider thateberslary
arc current that emerges in a transmission systeinglISPAR
for a non-solid fault is predominantly a 60 Hz emt. The
harmonic content of the secondary arc current in
transmission system should be formed primarily kdd-o
numbered harmonics of low amplitude, which redugene
more as the harmonic order progresses. It carbalsxpected
that there are both current harmonics and voltagenbnics
between the arc terminals, although the voltagembaic
content will be much greater than that of the autrre

Based on this, the approach made in the presented—|

experiments is not far from reality. The electric artificially
generated formed by basically fundamental frequancyent
can have a small error due to not representingdaepseudo-
harmonic current that would be generated due tenatwork
interaction.

These characteristic harmonics, here named theudose
harmonic signature”, can be used to identify thisterce of
the secondary arc [8].

V. STABILIZATION OF THE ELECTRIC ARC

For an interval of time after its formation in tegperiment,
the arc remains without stabilized electrical chedstics.
This is due primarily to one or more of the follogireasons:

- influence of the metallic vapors resulting frohetfuse
wire used in the arc ignition;

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

- insufficient time for plasma stabilization.

It was observed [9] that for some arcs analyzeatigstudy
the expected relation between the arc elongatidi thi first
order pseudo harmonic of its voltage did not octlowever,
considering only the period when the relations leetwthe
pseudo harmonics with the first order pseudo haimohthe
arc voltage were almost constant, the expectedtionla
between the arc elongation and arc voltage is coefi.

Therefore, analysis of the harmonic content is shtwbe
an effective tool to determine the instant at witich electric
arc becomes stabilized. Fig. 10 shows the relathmta/een
the odd-numbered pseudo harmonics of the voltagetlam
first pseudo harmonic of four distinct tests, destmating the
variable relations at the beginning of the testdieg toward a
flat profile when the arc is then considered stabl¢he test,
free of the cited influences. For the majority bie ttests
analyzed in this study, this instant occurred betw&50 ms
and 300 ms. .
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Fig. 10. Instant at which the electric arc becostedilized of four distinct
tests: (I) 30 Arms rating arc, (ll) 60 Arms ratiace, (lll) 2100 Arms rating arc
and (IV) 500 Arms rating arc.

VI. HARMONIC CONTENTS

generated in the field tests. The harmonic sigeattan be
identified after statistical treatment of the hamicocontents
obtained.

For these results, a procedure similar to thatgmtesl by
[8] was used, and also the same database was exdploy
relation to the procedure, the major differencéhis fact that
the first 300 ms of all the tests were discardedoider to
analyze the arc in stable conditions, as per expabeve. The
database, meanwhile, was increased with 195 naetidests,
including new current ratings analyzed.

The statistical results for the harmonic contentefage
relation of the pseudo harmonics with the firstesrgseudo
harmonic, and standard deviation) of all the aredytests are
presented in Tables 1 and 2. The orders of pseaduodnics
omitted in these tables presented average relatidues of
less than 1%.

It was analyzed a sufficient number of tests tovjg® a

armonic analysis was made on a total of 543 arcs



TABLE |

HARMONIC SIGNATURE - STATISTICAL RESULTS- PART |

Current Rating (Aps) 15 30 50 60 100 150
Number of Tests 28 32 15 102 71 51
lims (Arme) 13.867 36.429 54.884 63.882 106.23 153.766
Vims (KVime) 22 535 19.043 16.143 16.579 12.334 10.74
h* h* ht n n h* B
o= - | - |G- [0 - (D] - ()] - D)
3 27.51 0.60 | 22.33 | 0.71 2211 0.91 25.32 | 1.07 | 27.07 | 124 | 2725 | 060
Odd Order i 10.87 | 0.48 6.42 0.45 5.97 0.46 7.31 0.70 9.07 0.81 1049 | 053
Voltage 7 4.87 0.32 2.29 0.24 1.98 0.20 2.1 0.37 3.49 043 417 0.36
92 237 0.22 0.92 0.14 0.83 012 117 0.19 1.60 0.22 1.95 0.17
Even 2% 3.30 0.58 2.75 0.29 3.16 022 2.51 0.41 2.87 0.59 2.60 0.40
Order 42 1.99 0.38 1.30 0.15 1.49 0.10 1.22 0.21 1.46 0.35 1.31 0.21
oo odd order | 32 1.63 0.28 0.95 017 0.93 017 1.27 0.30 0.71 0.16 0.48 0.12
EvenOrder| 2°@ 1.21 0.15 1.21 0.08 0.84 0.08 1.08 0.53 1.00 0.22 1.1 0.17
TABLE Il
HARMONIC SIGNATURE - STATISTICAL RESULTS- PART Il
Current Rating (A) 200 300 500 1000 3000 10000
Number of Tests 85 52 49 21 29 8
lrms (Arme) 204573 295092 519.731 932.226 2954 47 8707.255
Vims (KVime) 10.69 8.953 7559 9425 8.275 7.142
& h th % h h th
L ) N 5 | I A
32 2536 | 077 | 2403 | 0.1 2120 | 057 | 2046 | 074 | 2062 | 094 | 1890 | 093
SRV 5 9.70 0.67 9.27 0.39 7.64 0.37 6.81 0.46 6.93 0.66 6.34 0.81
Voltage 72 3.83 0.36 3.70 0.24 3.08 0.21 2.67 0.26 2.93 0.39 2.92 0.63
92 1.72 0.21 1.62 013 1.37 0.11 1.20 0.15 1.50 0.26 1.61 043
Even 2 2.30 0.45 2.32 0.26 3.24 0.51 2.22 0.21 3.24 0.49 3.21 0.62
Order 43 1.15 0.24 1.09 0.13 1.39 0.26 0.93 0.14 1.36 0.26 1.33 0.39
o Odd Order | 32 0.51 0.24 0.38 0.08 1.46 0.29 2.38 043 1.28 0.26 113 0.39
Even Order | 22 112 0.48 1.42 011 1.16 0.11 1.69 0.09 1.46 0.39 1.09 0.12

statistical approach for almost all current ratingscept only *
for the arcs of current ratings of 10,00Q,AThe presence of

this current rating in Table 2 is merely for infative
purposes, and should be better studied in future. =

The arrangement of the insulator strings used éntésts,
either “l-shaped” or “V-shaped”, did not signifidgn
influence the results. Therefore, no distinctios baen made  «
in relation to this fact.

Tables 1 and 2 show that even after discarding t
measurements relative to the first 300 ms of thestethe .
values obtained for the average relation of theugse
harmonics with the first order pseudo harmonic weegy

15 20 50 60 100 150 200 200 500 1000 10000

Rating Arc [Aqu]

. . Fig. 11. Average relation of the amplitudes of #feorder pseudo harmonics
close to those obtained by [6] for the correspogdinrrent of the voltage and the amplitude of the first orgeeudo harmonic of the

ratings, with equally small standard deviations. voltage between the arc terminals for the diffexrntent ratings.

The values obtained for the new current ratingdyaed in 21
this study (15 Ans, 30 Ams 50 Ans and 1000 Ang) are in
accordance with the expected harmonic signaturéy thie
average relation between the voltad% @der and 1 order
pseudo harmonics lying in the range of 20 % to 27Rké
average relation of the voltagé‘ &rder and T order pseudo
harmonics between 7 % and 11 % and the relatiothef
voltage 7' and £' order between 3 % and 5 %.

The graphs of fig. 11 and 12 highlight the averegjees of 21
the two most relevant pseudo harmonics in relatiothe first |
order pseudo harmonic of the voltage between the L I
terminals. Note the declining trend in these haiic®as from RIS o]
the tests of rating 1504 However, for tests with sustainedrig- 12. Average relation of the amplitudes of Heorder pseudo harmonics

- e of the voltage and the amplitude of the first ordeeudo harmonic of the
currents below that rating such a trend was nafieer voltage between the arc terminals for the diffemtent ratings.
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VIl. CONCLUSIONS

The use of single-phase autoreclosing is justifieglssence
due to the very nature of the kind of fault to limmated, and
the direct advantages of its use are mainly peeceigs a
consequence of the partial continuity of the supplyich also
entails positive effects on dynamic aspects, thectel-
mechanical and voltage stability, operational féiky and
reliability.

The most relevant phenomenon
implementation of single-phase autoreclosing isetkiinction
of the secondary arc. The better this phenomenomodeled,
the better the optimization will be, not only ofetlsolution
employed, but also of the installation and planrohghe grid.
Conservative or overly simplified analysis methadi¢s, as
well as failing to point out genuinely optimizedwions, also
run the risk of generating incorrect solutions.

This study presented the results of field test yaeal of
electric arcs conducted by the CEPEL High Powewkatory,
on an experimental stretch of 500 kV transmissioe.|In
particular, the harmonic content analysis of the eurrents
and voltages between the arc terminals were pregebue to
the large number of tests, it was possible to iflerthe
harmonic content of
characteristics.

With this harmonic content it is possible to idgntihe
instant at which the arc can be considered stablihe air.
This instant is determined by identifying when ttetations
between the pseudo harmonics and the first ordeudus
harmonic of the arc voltage become approximatehstamt.

Considering the methodology of executing field gest’]

involving the imposition of a sustained 60 Hz cuatren the
arc with low-level harmonics, it was possible t@tterize a

harmonic signature of the arc by analyzing the g@seu

the electric arcs with diffdren
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between the amplitude of thé” rder and T order pseudo
harmonics of the voltage between the arc termiisatetween
20% and 27 %. The amplitude of thd" ®rder pseudo

Transients, Delft, The Netherlands.

harmonic in relation to the™order varies between 6 % and

10 %, and the relation between the amplitude offtherder

pseudo harmonic and thé' brder is between 2 % and 5 %.

The amplitudes of the other pseudo harmonics ofvtitege
between the arc terminals (higher odd-numberethalleven-
numbered pseudo harmonics) are insignificant.

Due to the amount of tests and the variety of thetec arc
current ratings analyzed, it can be expected thiatharmonic
signature is roughly maintained for secondary avtsany
current amplitude rating while they are in staldadition.



