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Abstract-In this paper the harmonic content of measured
secondary arc current and voltage between the arcetminals
were analyzed by the application of the Short TimeDiscrete
Fourier Transform (STDFT). The algorithm is based m shifting a
window on the signals (voltage and current) and coputing the
coefficients of the STDFT. The measurements were ffiermed on
a large number of field tests realized at CEPEL Hip Power
Laboratory in Brazil. It was possible to identify a harmonic
signature of the “secondary arc” produced in the feld tests and
some extrapolation can be made for actual secondagrc.

Keywords Secondary arc extinction, harmonic analysis, sirlg-
phase autoreclosing, non-permanent faults.

T is well-known that most frequent faults on higbltage
Ioverhead lines are single-phase faults, which aaénlyn
non-permanent type of fault. To improve systemaislity
Single-Phase Auto Reclosure (SPAR)
technique employed.

An accurate prediction of the fault transients fezpia
detailed and comprehensive
components in a system. A realistic simulationaofltf arcs is
extremely important in the successful design ancld@ment
of SPAR [1].

Although SPAR is widely employed, a critical aspetits
design is the prediction of the secondary arc etitin before
successful reclosure [2, 3, 4]. A reliable arc niodestill
pursued by several research groups all over the\fer6, 7].

Field tests have been carried out aiming the iiyason
of the secondary arcing process in details. Asrnmegliate
result, the harmonic characteristics of the arcresur and
voltage between the arc terminals during the fielsts have

been obtained.
In the following sections the field test is briefiescribed
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and some tests results are present. Furthermardyatmonic
content of current and voltage is presented forfitld tests
analyzed up to now.

With the harmonic signature of the arc, it was fmesto
propose a new Fast Adaptative SPAR which can redls
opened phase as soon as the secondary arc extieguithe
proposed procedure is properly described in a coiopa

paper [8].

Il. SECONDARY ARC

Secondary arc extinction is the most important
phenomenon in transmission line SPAR studies. \iario
experimental studies and field tests have showtrthiesoverall
process of the secondary arc is an extremely comple
phenomenon and it is influenced by various pararsete

The secondary arc extinction time depends on skvera
is a widespretattors, and among them it can be listed: magnitofle

secondary arc current, recovery voltage, line corsgton
level, line voltage level and line length. At thanse time,

representation of ak tthose factors are affected also by weather comditguch as:

temperature, humidity, pressure and wind speed.

A. Field Tests

Significant research has been conducted to assa$s a
improve the performance of single-phase switchinfj o
overhead transmission lines.

A test infrastructure was established at CEPEL HHglver
Laboratory in Brazil, including an outdoor actu&i0skV line
structure formed by three towers and two spans twed
necessary measuring systems, where arcs have baerated
and monitored (Fig. 1).
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Fig. 1. 500 kV experimental spans.

The tests consist of generating an arc imposingstasmed
60 Hz current during 1s. In the test a wide ranfeusrent
amplitudes were imposed, but for the present waillk some
data were analyzed, being: 60m& 100 Ams, 150 Anms,
200 Ams, 300 Ams, 500 Ams and 3000 Avs.

As the secondary arc is basically composed of fonefeial
frequency, the field test imposes the dominant comept
frequency of the secondary arc behavior as if itrewe
originated by sound phases coupling. However, vdrearc is
established in a transmission system there wilh llminant
60 Hz component of the arc current and the voltagfeveen



arc terminals and also others harmonics componeptise increases, although it does not change the relatareeform,
exclusively odd ones, which also can appear botharim meaning that the relative harmonic content shoeldinilar.

current and voltage between arc terminals, depgndinthe 30000 ' 19500
systems interaction with the arc response at théeaminal. It daoo
is expected that the voltage harmonic content ishhhigger 20000 300
than the current harmonic content for actual fiséttondary 00
arc. . 10000 o0 -
Secondary arc current in regular lines are normalyer 2 9
than 16 Aqms for not very long lines, but in the field tests ar =: ’ ko 5
currents up to 3000 were generated. In the researc } 10000l o
project an arc model for higher current will beaibéed. T
The arc tests were produced over a vertical “I'uiagr ~20000) 7
string at the tower. A fuse wire was stuck with k®dn 00
parallel to the insulator string and it was utiiz® provide the e e o 9S00

arc ignition (Fig. 2). time [5]
Fig. 3. Measured voltage and current of a 3@f} éurrent class secondary

arc field test simulation on a 500 kV transmisdias.
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Fig. 4. Detail of the measured voltage and curoéat 300 Ams current class
secondary arc field test simulation on a 500 kvigraission line - Time

] © _ _ (@) interval 200 to 300 ms.
Fig. 2. Insulator string details: (a) view fromde, (b) view from above, 30000 ‘ ‘ ‘ ‘ . . 1500
(c) lower hooks , (d) upper hooks. 400
The secondary arc current flows through the wird @n 20000
burns out igniting the secondary arc. After 1 snfrthe arc w0

ignition, the sustained current is switched offeTdrc current 10000
and arc voltage are A/D converted and measured.

The main purpose of this research project is taioband
validate a robust model of the secondary arc in dire
allowing to simulate the interaction between the and the
network, at arc terminals, and the evaluation oABRuccess
(or not). When analyzing the data, the harmonimatigre
emerged as an useful result.
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. Fig. 5. Detail of the measured voltage and curoéiat 300 Ams current class
_The system measurement acquires, stores and pe8cE8S  secondary arc field test simulation on a 500 kvigraission line - Time
million samples per second for each measurementvak interval 700 to 800 ms.

necessary to implement a pre-processing in ordeetidy the Fig. 6 depicts images of the 1 s duration 3Q@ Aurrent
quality of the measurements, to filter data andeparate the ¢|ass field test. The pictures give more detaitédrimation of
desired information. In Fig. 3 to Fig. 5 the measuroltage (e fast variation of the arc during the test. Gsdyne images
between arc terminals and the sustained arc CuEM 416 presented and the time interval between eaabeiris not

300 Ams current class arc test are presented. Two detailgd same. These images were chosen to show theehavior
graphics of the voltage and current are presemtédg. 4 and during the test.

Fig. 5 to show the voltage waveform along the téstan be
observed that the current has rather the same tdgnall n

: ; . HARMONIC SIGNATURE
over the test while the voltage between the armitels

The harmonic content of the measured secondary arcs



current and voltage were analyzed by the applinatioShort The magnitude ofh-th pseudo-harmonic ordeM, is
Time Discrete Fourier Transform (STDFT). The pragubs

algorithm is based on shifting a window along thgnals. A 2T~ 2T~
Using known sampling measured data, the coeffisieftthe Vh :|Vh| = \/Re {Vh}+ Im {Vh} (2)
STDFT can be calculated by: The analysis provides frequency and time infornmatits a
N _N'lvkexp(-jmhk) large harm?nic ra;nge of t.he fundame.ntal frequen@sw
s TN (1) analyzed (¥ - 15" order) it was possible to identify a
k=0 ~ harmonic signature of the secondary arc producéukeiiest.
whereV is the voltage between the arc terminalg, is the The currents data were computed with the same

obtained by:

complex pseudo-harmonic voltage=2 f is the reference €xpressions (1) and (2).
pulsation (frequently named angular velocity, a-pbgsically A. 300 Ans Current Class Test Analysis

robust termlnol(_)gy),f IS the reference frequencyl, IS th? This section shows results of the STDFT analysig. ¥
pseudo-harmonic ordels is the sample sequential ordinal

number N is the number of samples per pseudo-cvcle adgpicts the first order pseudo-harmonic current aoltage
: ples per p YE'®, A tween the arc terminals of the 30@scurrent class field

j = ¥- 1 is the imaginary unity. The womseudoemphasizes test presented.
the fact that current and voltage are not exactyioglic
functions at-¥ <time<+¥

Fig. 7. Magnitudes of the first order pseudo-hariv@f the measured
voltage between the arc terminals and of the medssustained arc current.

Fig. 8 shows the magnitudes of the odd order pseudo
harmonics of voltage (except brder).

Fig. 8. Magnitude of the odd order pseudo-harn®o(é&cept 1st order) of
the measured voltage between the arc terminals.

Fig. 9 and Fig. 10 show results concerning thetimria
between the odd order and even order pseudo-hacmand
the T order pseudo-harmonic measured voltage between the
arc terminals, respectively.

The voltage waveform (Fig. 4 and Fig. 5) is appmadely
symmetrical above and below its average centerlith a
time translation of half-period, in a fixed lengtfindow of 1
period at 60 Hz (16,67 ms). Thus, the harmonic fesgies
will be odd integer multiples of the fundamentalithvno
Fig. 6. Captured images of a 30fnécurrent class secondary arc field test. important even integer multiples. The half-wave setric




waveforms have no even order harmonics. Even pseutlarmonic levels, i.e., the secondary arc currenimbaic
harmonics (from ¥ to 14“) are absent or only minimally content is very low, apart from imperfections, daethe fact
present. that this signal is imposed and sustained by tlse ggstem.
The 2° order pseudo-harmonic is around 1% of the
fundamental frequency current. As explained, thasmonic
content is originated by the basic field test cbmastic of
imposing a sustained almost pure 60 Hz currennduall test.

Fig. 9. Relations between the magnitude of theardér pseudo-harmonics
and the magnitude of the first order pseudo-harmohthe measured voltage
between the arc terminals.

Fig. 12. Relations between the magnitude of tlemerder pseudo-
harmonics and the magnitude of the first order geéharmonic of the
measured current imposed.

However, it is expected that the harmonic conténaro
actual secondary arc in a transmission system imed
dominantly by odd harmonics, that will have deci@gs
magnitude as the harmonic order increases andcémhave
harmonic componentens both in the arc current aeddltage
between the arc terminals, depending on the systsponse
at the arc terminals. The voltage harmonic coritean actual

Fig. 10. Relations between the magnitude of tlemerder pseudo- field arc should be much _blgger than the Currem as the
harmonics and the magnitude of the first order pecarmonic of the ~ S€Condary arc current originates from the phaselomiand
measured voltage between the arc terminals. the sound phases voltage are basically 60 Hz.
Fig. 9 and Fig. 10 confirm this analysis, showihgttthe This harmonic “signature” of test arcs can be auplior
odd order far outweigths the even order. Only vy the identification of the secondary arc existence.
magnitude even order pseudo-harmonics are prebbatodd B. Other Tests Results

order pseudo-harmonics are quite high, but the hatm _
In the presented study, 348 field tests were aepdlyA

decreases as the harmonic order increases. BySFherﬂer, e ! 4
the magnitude of the pseudo-harmonic is negligible. probabilistic approach was applied to the data ridep to
achieve the harmonic signature.

The relation between the magnitude of the pseudo-

harmonics and the magnitude of the first order geeu
harmonic of the measured voltage between the angirtals
was calculated for each test and may be written as:

=N ®)

whereh is the pseudo-harmonic ordel’" is the first order
pseudo-harmonicN is the number of samples/, is the

voltage andk is the sample.

Fig. 11. Relations between the magnitude of thie@der pseudo-harmonics The average value of this relation (3) was complj(gd
and the magnitude of the first order pseudo-harmohthe measured current a5ch rms current class test:
imposed.

Fig. 11 and Fig. 12 show results of the STDFT asialy ‘hth‘ 1 Ny ‘h‘h‘
concerning the odd order and even order pseudodmacs) Toatl :N_ - 4)
related to the °i order pseudo-harmonic measured current, 1 N, Tia L

respectively.
As can be seen from Fig. 11 and Fig. 12, the ctrr
harmonic levels in the tests are much lower thanwvibltage

é/Hhere N+ is the number of tests.



TABLE |

HARMONIC SIGNATURE - STATISTICAL RESULTS

Current Class (Ams) 60 100 150 200 300 500 3000
Nt (Number of Tests) 80 53 51 57 52 49 6
Lims (Arms) 64.907 103.132 153.766 203.153 295.092 519.731 2927.872

Vims (KVrms) 16.314 12.436 10.740 9.655 8.953 7.559 6.860
M (%) and ‘h‘"‘ ‘h‘"‘ ‘h‘"‘ ‘hlh‘ ‘hlh‘ ‘h‘"‘ ‘hlh‘
w [ [ [ ] ] [ [

3¢ | 25.012| 1.111| 27.930| 1.038| 26.813| 0.596 | 25.634| 0.676 | 23.768| 0.410| 21.744| 0.573 | 21.239| 0.897

5 7.279 | 0.740| 9.605 | 0.772] 10.260| 0.525| 10.099| 0.585| 9.159 | 0.387| 7.832 | 0.371| 7.588 | 0.834

_— 7 2.756 | 0.388| 3.741 | 0.442| 4.063 | 0.361| 4.072 | 0.344| 3.719 | 0.239| 3.209 | 0.210| 3.398 | 0.484

8 g g" 1.225]0.194| 1.737 [ 0.235| 1.938 | 0.174| 1.849 | 0.218| 1.672 | 0.129| 1.473 | 0.113] 1.907 | 0.352

11" | 0.654 | 0.120| 0.954 | 0.153| 1.015 | 0.144| 0.998 | 0.134| 0.886 | 0.090| 0.777 | 0.070| 1.190 | 0.193

@ 13" | 0.421 | 0.080| 0.590 | 0.138| 0.609 | 0.099| 0.595 | 0.104| 0.524 | 0.049| 0.493 | 0.049| 0.854 | 0.158

g 15" | 0.324 | 0.066| 0.407 | 0.122| 0.399 | 0.088| 0.421 | 0.099| 0.351 | 0.038| 0.351 | 0.038| 0.616 | 0.108

E 2" | 2542 | 0.267| 2.522 | 0.457| 2.479 | 0.404| 2.527 | 0.528| 2.533 | 0.257| 2.789 | 0.510| 4.227 | 0.520

4t 1.272 |1 0.147| 1.431|0.238| 1.331 | 0.209| 1.387 | 0.275| 1.229 | 0.134| 1.321 | 0.255| 2.020 | 0.263

c 5 6" 0.778 | 0.091| 0.915 | 0.204| 0.893 | 0.171| 0.962 | 0.183| 0.834 | 0.088| 0.868 | 0.136| 1.241 | 0.188

E g 8" 0.558 | 0.072| 0.652 | 0.172| 0.608 | 0.131| 0.671 | 0.166| 0.567 | 0.062| 0.605 | 0.079| 0.848 | 0.131

10" | 0.433|0.059| 0.498 | 0.133| 0.464 | 0.111| 0.519 | 0.148| 0.422 | 0.046| 0.440 | 0.043| 0.642 | 0.107

12" | 0.359 | 0.050| 0.409 | 0.113| 0.366 | 0.091| 0.420 | 0.130| 0.335 | 0.036| 0.353 | 0.036| 0.513 | 0.083

14" | 0.312 | 0.046| 0.344 | 0.102| 0.313 | 0.076| 0.345 | 0.125| 0.281 | 0.032| 0.294 | 0.031| 0.431 | 0.072

_— 3¢ 1.191 | 0.248| 0.654 | 0.166| 0.482 | 0.122| 0.383 | 0.107| 0.382 | 0.083| 1.455 | 0.294| 1.244 | 0.217

- 8 g 5 0.272 | 0.068| 0.286 | 0.061| 0.295 | 0.040| 0.243 [ 0.091| 0.317 | 0.050| 0.522 | 0.079| 0.496 | 0.061

§ 7 0.098 | 0.025| 0.093 | 0.051| 0.084 | 0.048| 0.090 | 0.042| 0.126 | 0.016| 0.154 | 0.020| 0.212 | 0.021

8 £ 5 2" | 0.883 | 0.503| 1.024 | 0.237| 1.108 | 0.173| 1.264 | 0.427| 1.420 | 0.105| 1.157 | 0.112| 1.889 | 0.422

b= g 4t 0.135 | 0.040| 0.088 | 0.067| 0.079 | 0.050| 0.105 | 0.059| 0.131 | 0.021| 0.174 | 0.024| 0.311 | 0.027

6" 0.102 | 0.033| 0.062 | 0.050| 0.058 | 0.043| 0.071 [ 0.044| 0.089 | 0.016| 0.108 | 0.016| 0.200 | 0.013

was obtained with: voltage 8' order pseudo-harmonic varies from 8 % to 10 %

related to I order pseudo-harmonic and the following
important pseudo-harmonic ﬂ()7 varies from 3 % to 4 %
related to I order pseudo-harmonicThe remaining pseudo-
harmonics have very low magnitude and are not itapbifor

e secondary arc signature. It is very importarghiserve that
the standard deviation is rather small.

The currents data were computed with the sa
expressions (3) to (5), using the current dataeatstof
voltage.

The statistical dispersion was analyzed by meanthef
standard deviation, indicating how widely spreagl ¥hlues of
the experimental data were. The standard deviatias Some results of outdoor secondary arc field testdized
computed as follows (root-mean-square deviatioitsofalues on 500 kV actual tower structures in CEPEL Labanateere
from the mean): analyzed. The results concerning harmonic contefit o

2 sustained arc current and voltage between arc nafsivere
B S ©) analyzed. The test results obtained allowed thablishment
Nt i1 i of the secondary arc harmonic content in an impbrange of

conditions.

Specifically for the field test implemented, coreidg the

Analysis results for different current classesdepicted in basic approach Of, imposing a sustained 6(9 Hz arectwith
Tab. I. very low harmonic content, the voltage® Drder pseudo-

The number of each arc current class tests analigedl@monic related to*lorder pseudo-harmonic stays in a range
between 50 to 80, for current class up to 5@ Allowing a between 21 % to 28 %. The voltag® drder pseudo-harmonic
probabilistic analysis. For the 300QyAcurrent class, only 5 varies from 8 % to 10 % related t8 arder pseudo-harmonic
tests were analyzed, and this small set does mw @ pure and the following important pseudo-harmonit)(Varies from
probabilistic approach. The information presente@ab. | for 3 % to 4 % related to *1order pseudo-harmonic. The
this last current class test is merely informatiaed shall be remaining pseudo-harmonics (all higher order oddugs-
improved in future works. harmonics and all even order pseudo-harmonics) have

Apart the exception commented above, the voltae Bw magnitude and are not important for the secondac
order pseudo-harmonic has a small variation rabgéyeen signature. The same statement can be presentéicbtdexs of

IV. CONCLUSION

_ 1 NT)q 1
Nr-1.

N

where is the standard deviation armd is the variable

analyzed.



pseudo-harmonic current in relation to th& With the
exception of the ¥ order which is around 2 % of th& 1

After analyzing the number of tests of this fielkgperiment
it seems that the harmonic signature of the seggrada under
the assumption of sustained 60 Hz current has ést@iblished
for all classes of arc current magnitude. Some diomepitary
results will be presented for higher magnitude enftrtests in
near future.

It is expected that when a secondary arc is esteddiin a
transmission system, the interaction between tlséesy seen
from the arc terminals and the arc itself will puod an arc
that may have different harmonic content of thecamcent and
the voltage between arc terminals. However, thasgents
should be dominantly composed of odd harmonicsit spl
between current and voltage, with ratios defined thg
network impedance, for the harmonic frequency (pkder
power frequency), measured between the two network
terminals between which secondary arc is estaldisted with
magnitude decreasing, in principle, as the harmanriter
increases. Low level of even harmonics both for @rrent
and voltage between arc terminals, and higher gelta
harmonic content when compared to current harmomitent
are expected.

V. ACKNOWLEDGMENT

The results presented in this paper have beennelotan
the field tests realized in CEPEL High Power Labang
Brazil, and supported by FURNAS Centrais ElétriGs.,
Brazil.

VI. REFERENCES

[1] C. M. Portela, M. C. Tavares, "Transmission teys parameters
optimization - Sensitivity analysis of secondary emrrent and recovery
voltage", IEEE Transactions on Power Deliveryol. 19, pp. 1464-
1471, Jul. 2004.

[2] R. Luxenburger, P. Schegner, "Determination sfcondary arc
extinction time and characterization of fault cdfatis of single-phase
autoreclosures”|nternational Conference on Future Power Systems
pp. 1-5, Nov. 2005.

[3] K. H. Milne, "Single-pole reclosing tests omip 275 kV transmission
lines", IEEE Transactions on Power Apparatus and Systesis 82,
pp. 658-661, Oct. 1963.

[4] J. Giesbrecht, D. Ouellette, C. Henville, "Sedary arc extinction and
detection real and simulated"International Conference on
Developments in Power System Protectipp. 138-143, Mar. 2008.

[5] A. T. Johns, R. K. Aggarwal, Y. H. Song, "Impea techniques for
modeling fault arcs on faulted EHV transmission teys", |IEE
Proceedings on Generation, Transmission and Distidn, vol. 141,
pp. 148-154, Mar. 1994.

[6] J. V. Nava, R. A. Rivas, A. J. Urdaneta, "A pabilistic approach for
secondary arc risk assessmetffEE Transactions on Power Delivery,
vol. 19, pp. 657- 662 , Apr. 2004.

[7] G. Bén, L. Prikler, G. Banfai, "Testing EHV sewlary arcs"|EEE
Porto Power Tech Proceedingsiol. 4, pp. 6, Porto, Portugal,
Sep. 2001.

[8] A. A. Montanari, M. C. Tavares, C. M. Portefshdaptative single-
phase autoreclosing based on secondary arc voltayenonic
signature”, International Conference on Power Systems Transient
Kyoto, Japan, Jun. 2009.



