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Abstract--This paper presents an adaptative Single-Phase Auto
Reclosure (SPAR) scheme to minimize protection dead time. The
proposed method detects the extinction of the secondary arc.
Computer simulation and secondary arc field tests wer e combined
to improve the performance of adaptative SPAR for various
secondary arc current levels. The PSCAD/EMTDC program
together with measured secondary arc data were used to simulate
secondary arc on the system. The harmonic content of the
secondary arc voltage was analyzed with Short Time Discrete
Fourier Transform (STDFT). The proposed algorithm is based on
the characteristics of the odd order harmonics of the faulted
voltage. The algorithm determined the secondary arc extinction
and gave the order to reclose the circuit breaker. A properly
designed control can be responsible for taking the decision on
whether the fault is a permanent one or a transient fault, and if
the transient one has extinguished, i.e. whether to trip the other
sound phases or to reclose the faulted phase after the secondary
arc extinction.

Keywords: Adaptative autoreclosing, secondary arc extinction,
dead time, har monic analysis, non-per manent faults.

|I. INTRODUCTION

Single-phase autoreclosing (SPAR) is widely employed

eliminate single-phase to ground faults, which titutes
the overwhelming majority of faults at transmissibnes.
Conventional SPAR assumes fixed dead time reclotuagis,
the breaker recloses after a defined period. Howyéafrehis
period between the tripping operation and the seok of the
faulted phase breakers is not optimized, there iayan
unnecessary delay to reclose the phase after thexéinction
or the phase may be reclosed with the fault stiteng.

Using invariable time delay for
disadvantages. The main problems related with
conventional reclosure scheme are: the risk ofuét fastrike
due to an insufficient time to extinguish the fatifie risk of a
second shock to the system in the case of a permnhéendt;
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SPAR has some
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and the possibility of greater oscillations. Thegs®blems
could jeopardize the system stability and reli&piéind cause
serious damages with negative impact on utility ipaent.
Therefore, a method that determines when the arc is
extinguished is very important for upgrading thefgenance

of the reclosure techniques [1-4].

The efficiency of the SPAR may be significantly ieased
if SPAR had capability to trace, in real time motlee status
of the secondary arc in order to close the faufthdse after
the arc is extinguished. The valuable informatiadidgating
the existence of the arc can be used to implemeataptative
autoreclosure scheme. A criteria based on the hdomo
characteristics of the secondary arc [5], spedificahe
harmonic content of the faulted phase terminaldagels, is
presented in this paper.

Il. BASICSOF SPAR

Faulted phase conductor is coupled with other hase
conductors by mutual capacitance and inductancadé® the
shunt compensation reactors, if present. These extions
feed fault current and support the fault arc after faulted
phase trips.
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Fig. 1. Principle of the SPAR.

Fig. 1 depicts the stages of SPAR process. Norgsém

operation is represented in Fig. 1 (a). Furtheg. Ai (b)

presents a single line to ground fault occurre&d®rt circuit

current flows through the wires, typically with &h current
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protective relays open the faulted phase. Primaryjaenches
by opening faulted phase breakers completely. Negksss,
because of the coupling between faulted and healtiases,
lower amplitude current arc (normally < 2100\,ms) is



established (secondary ar€)g; 1 (c).

[ll. SECONDARYARC

Secondary arc extinction is the most importa
phenomenon in transmission line SPAR studies. & sghly
complex phenomenon and it is
parameters [6, 7].

A. Field Tests

A test infrastructure was established at CEPELhHRgwer
Laboratory in Brazil, including an outdoor actu@ioV line,
with three towers and two spans and the necesseagumng
systems, where arcs have been generated and neshifbine
tests consist of generating an arc imposing a isestes60 Hz
current during 1s. In the tests several currentlifudes were
imposed, but for the present work only some dateewsed,
being: 60 Ans, 100 Ams, 150 Amsand 200 Ans.

The measured arc voltage and current of a 1@9dkrrent
class arc are presented in Fig. 2.
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Fig. 2. Measured voltage and current of a 1Q& Aurrent class secondary
arc field test simulation (Test 4) on a 500 kV #@nission line.

The arc was produced over a vertical “I” insulattring at
the tower. A fuse wire in parallel to the stringswaatilized to
provide the arc ignition.
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Fig. 3. Captured images of a 20@nAcurrent class secondary arc field tesp etween the arc terminals.

(Test 8).

Fig. 3 depicts images of a 20Q-Acurrent class field test.
From arc voltage and current measurements, it $sipke to
acquire the harmonic characteristics of the arinduhe tests.

B. Harmonic Signature

influenced by various

current and voltage were analyzed by the applinatib the
Short Time Discrete Fourier Transform (STDFT). The
proposed algorithm is based on shifting a window tbe

I,ﬁignals. Using the known sampling measured date, th

coefficients of the STDFT can be calculated by:
N-1 .
- Z Vkexp(- Jahk)
V. = R S b S iy
" k=0 N (1)

whereV is the voltage between the arc terminafg,is the

complex pseudo-harmonic voltage=2zf is the reference
pulsation (frequently named angular velocity, a-pbgsically
robust terminology),f is the reference frequench, is the
pseudo-harmonic ordels is the sample sequential ordinal
number,N is the number of samples per pseudo-cycle, and
j \/—_1 is the imaginary unity. The wonadseudoemphasizes
the fact that current and voltage are not exactyioglic
functions at-o <time< +o

The magnitude ofi pseudo-harmonic ordé¥;, is obtained

by:
Vi = |\7h| = \/Rez{vh} + 'mz{\A/h} (2

The analysis provides frequency and time infornmati®s a
large harmonic range of the fundamental frequen@s w
analyzed (T - 15" order), it was possible to identify a
harmonic signature of the secondary arc phenomenon
produced in the tests.
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Fig. 4. Ratios between the magnitude of the od@ropseudo-harmonics and
the magnitude of the first order pseudo-harmonic¢hef measured voltage
between the arc terminals.
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Fig. 5. Ratios between the magnitude of the evdergrgseudo-harmonics and
the magnitude of the first order pseudo-harmonichef measured voltage
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Fig. 4 and Fig. 5 show results of the STDFT analysi
concerning the odd order and even order pseudodmcs)
respectively, of the measured voltage of the 10@Acurrent
class field test presented in Fig. 2. It is pogsibl notice that
the odd order far outweighs the even order. Thisnbaic
content is originated by the basic field test chemastic of

The harmonic content of the measured secondary ajigposing a sustained 60 Hz current during all tests



However the harmonic signature characteristic of ththe secondary arc extinction. After the secondary ia

secondary arc current obtained in the tests capdotally
extrapolated and applied to simulations in ordepitopose a
method for the identification of the secondary existence.
Analysis results for different current classes sestere
depicted in Tab. I. For each current class, it slagsen two
field tests with different voltages root mean sguaalue.

TABLE |
SECONDARY ARC FIELD TESTS CHARACTERISTICS MAIN ODD ORDER PSEUD®
HARMONICS VOLTAGE (3%°, 5" AND 7™) MEAN VALUE RELATED WITH THE
FIRST(1%") ORDER PSEUDEGHARMONIC VOLTAGE.

Cg:;;nt Test Current | Voltage (Mj (Iih[) (7th j
(Arms) (Arms) (KVrms) |13| |lSt| |l§|

1 63. 80 10. 03 0. 2568 0. 0760 0. 0289

60 2 66. 04 19. 14 0. 2528 0.0744 0. 0274

3 101. 64 8. 86 0. 2676 0. 0930 0. 0361

100 4 98. 71 20. 18 0. 2610 0. 0810 0. 0303

5 151. 50 8.24 0. 2760 0.1079 0.0432

150 6 148. 77 14.99 0.2730 0. 1050 0. 0419

7 195.91 5.74 0. 2592 0.1019 0. 0420

200 8 196. 58 15.51 0. 2507 0. 0955 0. 0375

The test secondary arc current had a low harmamiteat
since a sustained 60-Hz current was “imposed” m fibld
test. In normal field conditions of a typical tramssion
system, before secondary arc extinction, there Idhoel odd
pseudo-harmonics in the voltage between arc tetsiaad,
also, in secondary arc current. The relative valoEsuch
pseudo-harmonics are defined by the interactiomwdt the
network impedance seen at the arc terminals andrthéuring
the fault. Then, while the secondary arc existsrahwill be a
source of odd harmonics (secondary arc) that wilineasured
at the open phase terminals voltages. After secygndec
extinction, typically, the odd pseudo-harmonicsbisth open
phase terminals voltage will be much lower thanolef
secondary arc extinction.

IV. ADAPTATIVE RECLOSURESCHEME

The method proposed relies on a tracking schendettect
the existence of the secondary arc based on thmolnér
signature of the tests results previously preser@eanputer
simulation and secondary arc field tests were coetbto find
ways to improve the performance of adaptative SHAR
various secondary arc current levels. The PSCAD/BMT
program together with the measured secondary aecwere
used to simulate an arcing fault on the system.

The non-linear characteristic (harmonic signatusé)the
secondary arc propagates through the transmissietens
allowing the identification of the secondary arcrhgnitoring
the voltage at the extremes of the opened phase.vahage
harmonic content that appear at sound phases digztmdary
arc harmonic content and electromagnetic couplingray line
phases, due to the mutual inductance and capaeitsinthe
transmission line and due to shunt reactors, iddaoto be of
some interest for arc extinction identification. wever, the
voltage waveform of the faulted phase while theoedary arc
exists is greatly distorted compared with the saolage after

extinguished, very low harmonic content is expedtedhe
opened phase voltage.

A. Systems Studied

The transmission system used in this study had data
obtained from the Brazilian National Grid. The slation of a
typical 500 kV transmission system was set up. fEs¢ line
implemented is similar to North East-South East {BH)
interconnection trunk. The transmission system reate
consists of a generator, a step up transformer and
transmission line. The line characteristics usedsammarized
in Fig. 6. The power frequency soil resistivity waspposed
40000.m. The conductors’ data are summarized in Tamdl a

Tab. Ill. The simulation performed consisted of tliee
energization under single-phase fault.
Cond # | Connection X (from Y GW # Connection X (from Y ‘
Phasing # | tower centre)| (at tower) Phasing # _|tower centre) | (at tower)
1 1 -11.5 [m] 37.05 [m] 1 Eliminated | -8.9 [m] 46.5 [m]
2 2 0[m] 37.72 [ml 2 Eliminated 8.9 [ml] 46.5 [m] ‘
3 3 115 [ml 37,05 [m] K

Tower: 3H5 Mid-S|I
Tower Centre 0 [m]
Conductors: rail

N
26.1. [m] for Conductors
S ) 22.4._[m] for Ground Wire]
Ground Wire: 1/2"HighStrengthSteel ——

Fig. 6. NE-SE Tower Data.

TABLE Il
CONDUCTORDATA OF NE-SE LINES.

=

1,1mi

Conductor [Resistance [Q/km] [Exter nal Radius [m]|Internal Radius [m] jur
RAIL 0.06114 0. 014795 0. 0037 1
GW - EHS 3.51 0. 004572 70
TABLE IlI
PER UNIT SERIES ANDSHUNT PARAMETERS CALCULATED AT 60 Hz — NE-SE.
Sequence | Resistance [Q/km] | Reactance [Q/km] | Susceptance [uS/km]
Zero 0. 3576402 1. 4283469 3.5237035
Positive 0. 0159706 0. 2734496 6.0457682

Two transmission lines configurations (500 km and
900 km) are employed. Fig. 7 depicts these corditims.
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Fig. 7. Line basic schemes, including series dmohscompensation.

B. Fault Implementation

Formerly, a single-phase short-circuit was simalatey
connecting a 1@ resistance between the faulted phase and the
ground. The secondary arc was simulated by opettieg
faulty phase circuit breakers at the line terminélss process
was implemented to adjust the line length and thleesof a
neutral reactor that would match the secondary carcent
level of each test presented in previous secti@t(T).



When the circuit breakers of the faulty phase varened,

Fig. 11 presents the sustained secondary arc d¢urren

the 10Q resistor was disconnected and the secondary aesponse of the system and the current measurt ifield

voltage signal recorded from the field tests wagscied. The
faulted phase was tripped at both side at 1.250ss{dering

test. These two signals were adjusted in ordamjézi the field
test in phase with the sustained system responser A

duration of 1s of the measured data) and the ams wdentifying the necessary time delay the secondary test
considered self extinguished at 2.25 s. Fig. Sstithtes the voltage was applied between the system “arc telsfirzes an

time events described before.
Primary Secondary
Arc

Clear

Fault Arc
Inception Clear

CB
Tripping

CB
Reclosing

Fig. 8. Fault events simulation.

C. 100 Aws Current Class Test Analysis

A single-phase fault was simulated at the middlethef
transmission line system of 500 km. The voltageasueed on
the line side of the circuit breakers are showﬁ|g1 9.
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Fig. 9. Voltage waveform measured on line sideth® circuit breaker:
(a) at the S side, and (b) at the R side.
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Fig. 10. Voltage waveform measured on line sidethef circuit breaker
(secondary arc detail): (a) at the S side, ana{f)e R side.

The described phases of SPAR showed in Fig. 1llaselg
visible on Fig. 9, where voltage of faulted phageered
terminals is given. Fig. 10 shows the same resulfig. 9
focusing on the secondary arc duration.

external source voltage,
(Fig. 12).

“reproducing” a secondaxy fault

i = System Sustained Current = Figld Test Current

i

1450 1.500 1550
Time fs]

Fig. 11. Simulated sustained secondary arc cuandtfield test secondary
arc current.

In Fig. 12 it can be observed that the field testosdary

voltage was applied in phase with the expectedasexd
power frequency secondary arc current.

3 4y T TranSlent Current = Sscondary Current = Voltage Injected =

1350
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Fig. 12. Field test voltage injected in the falatation “reproducing” a

secondary arc.

Due to the system response the secondary arc tisreo
longer a 60 Hz dominant signal, but has harmonictert
originated by the secondary voltage field test laries. When
a secondary arc occurs in a transmission systemratio the
harmonics will divide between the secondary arcenirand
the arc voltage depends on the impedance respotise fault
location and the harmonic immitance between thelt fau
location and the opened phase extremities. NeJveghat is
expected that a high content of odd harmonics ayjpear at
the open phase terminals voltage, produced boththisy
harmonic content of the arc current and of thevaitage. The
results presented in the present simulations hawmes
approximations as field tests with specific chaggstics are
being used.

The harmonic content is evaluated by the STDFT &1j
(2)) with a moving window of 16.67 ms. The harmonic
contents of the terminals voltages depicted in Bida) and
Fig 9 (b) are shown in Fig. 13 (a) and Fig. 13 (b}pectively.

The analysis of the presented data shows thattébessof
the secondary arc may be determined through tratlieg
voltage of the open phase and comparing it withhifn@nonic
signature of the secondary arc.

By processing the voltage depicted in Fig. 9, tla@rhbnic
Factor HF) is calculated as:



V2 V.2 +V.2 However, although the secondary arc extinction tpravides
7 5 3 . . . .
HF =——mMM (3) a good indication of when to reclose, reclosurehef circuit
Vi breakers immediately after arc extinction will nalip result
whereV, is the magnitude of thepseudo-harmonic voltage. in a restrike of the fault. This is the reason wahfurther delay
a3 =5 ki | is required to allow the fault arc path to deiorisenpletely.
] | . . In the proposed method the Harmonic Factor of both
aa0- . . voltage sides is compared with a predefined thidsincevery
interaction. When thédF of both voltage line terminal are
lower than a threshold for a determined periodimet then
after 2 cycles (33.3 ms - 60 Hz) the circuit breakare

reclosed. The threshold was established betweean@l D.2.
TABLE IV
SYSTEMS CONFIGURATIONS

Compensation

,.\
)

Relations between the odd order
and the first order pseudo-harmanic

2t Line Fault Shunt
o | . Series | Current
) & Tests| Length | Location Phase | Neutral %) (Armo)
22 (km) (km) | Reactor | Reactor
&2 (%) (Rn)
2z Mo R T 1,2 500 250 75.9 4.27 - 63. 64
0.00 0% 1.00 150 200 250 3.00 34 500 250 75.9 1.01 - 101. 12
Time fs] 2
Fig. 13. Magnitude of the odd order pseudo-hare®nf the voltage on line 5,6 900 50 81.1 3.57 50 151. 46
side of the circuit breaker:(a) at the sending,siahel (b) at the receiving side. | 7.8 | 990 850 81.1 2. 27 50 | 200.82
Fig. 14 shows that thdF decrease defines the moment of the D. Other Tests Results
secondary arc extinction. Eight tests were conducted, in order to verify the

0.40 4—

availability and applicability of the proposed eribn. For
each secondary arc current level, it was chosendiferent
voltage levels. A summary of the tests performedivgn in
Table IV, and the Harmonic Factors in Fig. 16. Bfgorithm
was tested using different configurations and diffie
secondary arc data.

The parameter chosen to select the basic charstaterof
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Test 4
Harmonic Factor
Harmonic Factor

120 1.80 200 240 .20 .50 Z.00 Z.40

“"“(E [;} “"‘&‘(S the neutral reactor is the rafa [8],

a

Fig. 14. Harmonic Factors of the voltage on liref the circuit breaker: R :ﬂ = Zp +3Zy = Yp + 3/ (4)
(a) at the S side, and (b) at the R side. "z, zZ, 1Y,

The algorithm is activated when the breaker trip ighereY,, Y, respectively, are the reactors phase and neutral
identified. Once the fault is identified to be pament or not admittanceZ,, Z, are the corresponding impedance, @ad
having extinguished after the protection dead tinsignal is Zz,, respectively, are the non-homopolar and homopolar
sent to trip the other two healthy phases and logk the impedance of the shunt compensation reactor (atbmplex
SPAR. A transient fault can be distinguished fropeamanent notation).
fault (high impedance) by detecting the harmoniatent. As can be observed in the results presented in IFigit

The proposed algorithm is based on shifting a wm@m was found thaHF of at least of one side is always higher than
voltage signal and computing th¢- value. It is possible to a threshold (0.1 - 0.2) in different transient faudnditions.
conclude that the moment of the secondary arc idim is This method shows how to perform the secondary arc
defined by the decrease of tHE. extinction phenomenon detection for different anorent level

= Secondary Arc . mRecbse : and fault location. In all tests successful rectesaccurred,

however in the presented results there is the appadion of
- using field tests, obtained under specific condgicapplied to
a system which does not reproduce exactly the tests
Fal : ! ‘ : characteristics.
The change of current levels demonstrates thatstdtieme
- : is well adaptative. As a consequence, the propadagtative
w = e = - autoreclosure scheme may identify an transeientaatt has

~ Fig. 15. Secondary Arc Duration and Reclosuredign higher reliability compared with the conventioneheme.
Fig. 15 shows that the algorithm can determine the

secondary arc duration and the optimum reclosumnee.ti

Secondary Arc and Reclose
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V. CONCLUSIONS

The main features of an algorithm for real timestice
detection of secondary arc for fast adaptative SRARa
transmission line have been proposed. The adamlesure
technique is important for improving the stability power
systems. The method
permanent and non-permanent faults and optimizedéda
time for protection operation. In the case of parem fault
the algorithm blocks automatic reclosing and titips sound
phases. Many different simulation studies for défe cases
were performed. The outcome of this study indicatest
secondary arc harmonic signature analysis togettiBrSPAR
technique can be used as an attractive means @vauh a
fast adaptative autoreclosure scheme.

Field tests produced with specific characteristiese used
as if they represent secondary arc in an actuabinasion
system, not including the system response contoibub the
secondary arc formation. The authors are aware hef t
approximations, but it is not expected that theppsed
method will give different results in actual trarnission
systems.
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