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Abstract

This research work is mainly concerned about dealing withpi@rary short circuit faults
in power system transmission lines. In fact, there are tvpegsyof electrical faults in power
systems, namely temporary and permanent. When a faultnsgoemt, the only way to clear
it is to de-energize the transmission line by opening theaated circuit breakers. However,
in many cases the fault is not solid and is caused by objects as flying birds or broken
branches of trees. For these cases, electrical arc playsos mke. For such fault cases, it
is also possible to de-energize the faulted phase, temlypard re-energize it after a short
delay by reclosing the opened circuit breakers. This opmarat called single-phase reclosing.
There is a chance that the fault becomes clear by naturalotixin of the arc after the faulted
phase isolation in case the fault is temporary.

There are two considerable challenges regarding traditsingle-phase reclosing in trans-
mission lines. The first challenge is the determination ef fdwlt type, i.e., permanent or
temporary, as there is no guarantee that the fault is tempoféis is crucially important as
reclosing-on-fault, i.e., reclosing the opened breakdmdenthe fault still stands, is harmful
for both power system stability and power system equipméné second challenge which is
regarding temporary faults only, is that there is still n@guntee that the arc is extinguished
by the moment of reclosing. In such cases, reclosing leadsstriking of arc and therefore,
an unsuccessful reclosing.

This research work is conducted in two phases. At the firss@havo adaptive methods
are developed to improve the traditional reclosing methmahithe two challenges mentioned
in the second paragraph. The developed methods are capabt®gnition of the fault type in
a reasonable amount of time after single-phase isolatidheofine. Therefore, the protection
system will be able to block the reclosing function in caseféult is recognized as permanent

and to issue three-phase-trip signal as the next actiorteRgoorary faults, re-energizing of the



isolated phase by reclosing the opened breakers is the oot avhich has to be performed
after the arc extinction. The developed methods also havedhability of detection of the arc
extinction and therefore, a better performance for tempdeault cases is guaranteed. This is
the second feature required for an adaptive reclosing rdetho

The second phase of the research project is to estimate ¢hextinction time well in
advance in case the fault is temporary. The idea is that-hinese tripping could be the right
action if the arc extinction time is too long as working undabalanced conditions for an
unnecessarily long time duration is harmful for the powestssn.

Both of the proposed adaptive single-phase reclosing rdstimdhis research work employ
local voltage information. Therefore, communication lisieils are not needed for implemen-
tation of the proposed methods. Itis shown in the thesisttigaproposed methods are able to
quickly detect the fault type and also the arc extinctiomd fault is temporary. Also, the two
proposed arc extinction time prediction methods are capailgbrediction of the arc extinction
time well in advance and with acceptable precision.

All four proposed methods ardfective for various system configurations including ideally
transposed, untransposed and partially-transposedriisgisn lines and also for transmission
lines with diferent compensation conditions including with and withdwirg reactor. Superior
performance of the proposed methods have been verified G5ihigase studies simulated in
PSCAD and Matlab, and also a field recorded temporary fase @ssociated with a 765
kV transmission line. The 550 simulated case studies irctl@O ideally-transposed, 240
untransposed and 210 partially-transposed line casespdifi@mances of the two proposed
reclosing methods are also compared with two of the existifagptive reclosing methods where

considerable improvements are observed.

Keywords: Adaptive protection, arc extinction, single-phase rdalgstranmission line
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Chapter 1

Introduction

Power system is one of the most important systems develgpledrbankind. Basic role of this
system is to produce the electrical energy in power plants, teansfer it to the desired desti-
nations and finally, distribute it among consumers. Eachesgé¢ steps has its own importances
and dfficulties. In places in which locations of electrical energgduction and consumption
are far from each other, transferring the energy by meansanémission lines becomes ex-
tremely critical. One of the factors that can disturb thealgeerformance of the transmission

lines is short circuit fault inception against which thessmust be protected [1].

This research work is dedicated to adaptive single-phasesiag in transmission lines. In
the performed research, adaptive methods are proposealiotyipe recognition purpose, i.e.,
permanent arfdr temporary, at first, and then making a proper decisiondasdhe detected
fault type. The proper decision is always to initiate thpdase trip signal for permanent fault
cases. For cases of temporary fault, normally, the correcistbn is to reclose the breakers
after the arc extinction detection. However, if the arc isigeextinguished too slowly, it can
be a better action to issue the three-phase trip signal aid eeclosing as it is harmful for the
system to be kept in unbalanced conditions for a long time.tlfis purpose, arc extinction

time must be predicted in advance. This is also covered ipén®rmed research work.



2 CuaPTER 1. INTRODUCTION

In this Chapter, at first, there is an introduction about lefghase reclosing followed by
problem definition and literature survey sections. Finaljectives, contributions and novel-

ties of the performed research study are presented.

1.1 Single-Phase Reclosing

According to statistics, most of the faults happening ima&and ultra high voltage transmission
lines are of temporary nature [1, 2]. When dealing with terappfaults, which are mostly
accompanied by electric arcs, one interesting idea is tatesthe faulted line, temporarily, and
re-energize it with or without a delay. This operation idedkeclosing [1, 3].

The fastest way to extinguish an arc associated with a teampdault is three-phase re-
closing. This is because of the fact that after isolation|bfreee conductors, there would
be no voltage source to feed the arc. However, this could bafoafor the stability of the
system as two sides of the line will remain disconnected fooresiderable amount of time. If
the temporary fault type is single-phase-to-ground, a goade df is single-phase reclosing
[3, 4]. This technique can be very practical as faults aretipesgle-phase-to-ground [1].

In single-phase reclosing, the two healthy phases are kegdtduit during the fault period
while the faulted phase becomes de-energized, tempqgiayilypening operation of the circuit
breakers. In this technique, the faulted phase will be nettito service ideally when the fault
is cleared [3]. Compared to three-phase reclosing, thel@molwith single-phase reclosing
technique is that the arc can not be extinguished, immdgiateit will be fed through mutual
coupling with the non-faulted phases [2].

The critical point about reclosing is to avoid reclosingesfault, i.e., reclosing when the
fault is not cleared yet. This can destroy the equipment amdhe system stability at risk [1].
Therefore, the reclosing system has to wait for the arc toxiaguished in case the fault is

temporary.
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1.2 Problem Definition

In a traditional single-phase reclosing method, singlasghisolation of the faulted phase is
performed as soon as the single-phase-to-ground faulttéctedel. The next step is to issue
single-phase reclosing signal after a predetermined delbgd dead-time [2]. There are two
main problems with the traditional reclosing method. Fitls¢re is no guarantee that the fault
type is temporary. In fact, traditional method reclosesféhdted phase regardless of the fault
type. Second, even if the fault type is temporary, there iguarantee that the reclosing be
performed after the arc extinction. This is a very big issaeause reclosing prior to the arc
extinction will lead to restriking of the arc which means tieelosing is not successful.

The next problem is regarding only temporary fault cases.peomanent fault cases, the
proper decision is definitely to initiate the three-phage $ignal. But for temporary fault
cases, the reclosing method must be able to detect the anctext time and the reclosing
signal must be initiated after the arc extinction detectidowever, arc extinction time can be
too long for some temporary fault cases. Therefore, thegrdpcision can be to initiate the
three-phase trip signal for such cases.

Also, regarding the proposed methods, the preferencetigt@anethods utilize local volt-
age measurements information to perform reclosing as comuation facilities are not avail-
able all the times. In addition, the proposed methods musahe for transmission lines with

any transposition and compensation conditions.

1.3 Literature Survey

According to statistics, more than 80% of faults in overh&adismission lines are tempo-
rary, mostly single-phase-to-ground faults [2]. Theredifterent reasons for temporary fault

inceptions including overvoltages as results of lightsiragnd temporary contacts between
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phas¢ground wires, e.g., by broken branches of trees or flyingsbifd these faults are not per-
manent and can be cleared by themselves, one practicabsakisingle-phase auto-reclosing,
SPAR, of the faulted phase [5]. This way, there is a chanceitg bhe faulted phase back to
operation shortly after the fault inception which leadsnba@acement of reliability and stabil-
ity of the system [6]. Even during single-phase opening efftulted phase breaker, still 58%
of the line capacity available due to presence of two noiftddiphases [7].

Traditionally, when SPAR function is considered, reclgamperformed after single-phase
opening of the faulted phase by a predetermined time delésdodead-time [3, 8]. In such a
condition, first, reclosing is performed regardless of thdtftype, i.e., permanent or temporary.
Second, there is no guaranty if the arc is extinguished atttr@ent of reclosing for temporary
fault cases. Therefore, there is a danger of reclosing-fantib for permanent fault cases and
restriking of the arc for temporary faults in which the arc extinguished at the time of
reclosing. Both these scenarios which are considered agoessful reclosing attempts,are
dangerous for the power system and the system equipmefitgP]-Additionally, reclosing
process is usually repeated after a short break in tradit®RAR if unsuccessful which makes
the situation even worse [2], [13]-[15]. In [16]-[19] deasttive dfects of single-phase reclosing
on torsional torques of turbine-generator shaft are aedlynd discussed.

There have been some methods proposed and implementedctic@rim minimize the
dead-time including installation of three-phase fourgled shunt reactor with inductively groun-
ded neutral at both ends of transmission lines [2, 20, 21]pByerly selection of the neutral
reactor, it is possible to limit the voltage across the amt tnerefore, reduce the dead-time.
This method is moreftective for transposed transmission lines, although it le@sn applied to
untransposed lines at very high voltage levels using switckcheme of shunt reactor at one
end [2, 21, 22].

To overcome the mentioned problems regarding the traditi&®AR, several adaptive

auto-reclosing methods are proposed. The main objectives @daptive single-phase re-
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closing technique is to quickly identify permanent faultdo detect the arc extinction in cases
of temporary fault [2, 23, 24]. Most of the proposed adapBRAR methods in the litera-
ture use some features of the voltagerent waveforms [25]-[30]. In [25] 27 real temporary
fault cases in 550 kV transmission lines are analyzed basddeovoltage wave shapes. Zero-
crossing point of the voltage is employed for enhancing #uosing performance in [26]. In
[27] and [28] frequency characteristics of the current aedufor reducing the reclosing dead
time. In [31], a method for arc extinction detection is pregd based on the behavior of the
faulted phase voltage. The proposed method is also verified) tiest results from BC Hydro
network. This paper in which information of only one sidelo$ transmission line is employed
for arc extinction detection, is a sample of contributiorCainadian researchers in the area of
single-phase reclosing.

In the method presented in [32] which is registered as a Unpathe exact moment of
arc extinction is detected by measuring the charactesisfithe faulted phase voltage. In this
method, depending on the compensation level of the line,abribe prepared algorithms is
chosen for this purpose. Using this method, reclosingauttwill be prevented. In another
patent, three-phase reclosing of shunt reactor is corezid@3]. Three-phase voltages and
currents are used for detection of the arc extinction tinthépatent registered as [34].

Many researchers have investigated techniques for enimatice @fect of reclosing on
system stability [36]. Recently, there have been majoraieseactivities to deal with this
problem. As an example, artificial neural networks, ANNsjenBeen employed to detect the
secondary arc extinction time after the breaker opening[[3]. In [37] and [38], ANN is
employed to extract appropriate features of frequency amapts of the voltage. Neuro-Prony
and Taguchis methodology are used in [39] for a better ragjgserformance. Also, wavelet
analysis and neural network based SPAR schemes have beslomkxl/to recognize certain
situations in order to decide if to reclose the circuit bexalf40]. However, the application of

these techniques requires a broad data from the faulteeisyst the neural network training.
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Fuzzy logic is employed in [30] and [41] for increasing thalslity margin of the power
system by enhancing the reclosing performance of the tibcaakers. In [42] a Fuzzy logic-
based method is proposed for enhancing the single-phdssirerin double-circuit transmis-
sion lines. This method identifies the fault type based oratigular diference between the
positive and negative sequence components of the voltagierdhce [43] is specifically fo-
cused on secondary arc extinction in single-phase regosimthis paper, the role of neutral
reactor as a tool for having a better arc extinction perfareeas of a high importance.

In paper [44] variable dead-time SPAR scheme has been peelskeased on stability mar-
gin. This scheme which is applicable only when the poweresysstability degree is suf-
ficiently high, increases the reclosing dead-time [6]. I8][40ltage pattern is employed for
reduction of the reclosing dead-time. Paper [46] proposesthod for decrement of the reclos-
ing dead-time by reducing the mutual capacitive couplifigat. For this purpose, a capacitor
in parallel to each pole of the circuit breakers must be cered.

One of the ways of categorizing adaptive SPAR methods isdbarsedecision making
method. In fact, all methods extract some features from feawes or spectrum of the faulted
system variables, including power, current or voltage{48]. These features are either com-
pared to some thresholds or used independently for deaisaking.

There are many examples of methods use threshold for decisaiing. In [49, 50] zero
sequence power as well as the faulted phase voltage areysadgtor arc extinction detection.
In [52]-[54], spectrum of the faulted phase current is usddentification of the fault type.
The method proposed in reference [6] uses rms value of thedhphase voltage for the fault
type recognition. For this purpose, rms value is calcul&edifferent time periods and when
the diference between rms values is larger than a predetermineshtiid, arc extinction is
detected. Arc extinction detection is performed in [S54hgsiotal harmonic distortion, THD,
of the faulted phase voltage. This method works based oratitétfat the amount of harmonic

distortion of the voltage considerably decreases aftesd¢icendary arc extinction.
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There are also few methods proposed based on the harmomactdrastics of the faulted
phase voltage after single-phase opening of the breakB}s These methods are applicable
only to uncompensated transmission lines. The reasontishtdahunt reactor resonates with
the line capacitances which leads to appearance of sulbwsymmus oscillatory voltage wave-
forms in the faulted phase while the breaker is open. Thideaah to inaccuracy in harmonic
estimation and therefore, error in arc extinction detecfit). There are more examples in [6],
[56]-[61] in this order. However, the main problem with mo$the methods of both groups
is that these methods mostly depend on the under study sgstemhe associated settings will
change based on the parameters of the system [55].

Fourier transform, either fast Fourier transform, FFT, sccete Fourier transform, DFT,
is the most practical technique for analysis of the curremnt woltage waveforms [2], [58].
Other options can be few techniques such as wavelet [40], S8hough by using dierent
mother wavelets, more data can be extracted, sampling mdt¢ha level of complexity will
also increase which is not appropriate and practical fotgetmn and relaying. Therefore,
Fourier based methods are more accepted, practically [5].

Another way of categorizing adaptive SPAR methods is the tyae usage. In other words,
generally there are two possible categories of reclosinthoas available, namely local and
communication-based. Local methods use only the infoonatf one side of the transmission
line while communication-based methods have access tooddtath sides of the line. The
method proposed in [56] is an example of communication basetthods which predicts the
faulted phase voltage after the arc extinction using thelsyonized voltage phasor of the other
healthy phases from both ends of the transmission line.€fbie, the instant of arc extinction
can be detected when the faulted phase voltage magnitudengihelare close enough to their
predicted values. However, this method is developed foreatinction detection in ideally-

transposed lines and is not applicable to untransposedialpetransposed lines.
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Communication-based reclosing methods are faster and acorgate that local methods,
but, they are not beneficial when communication facilitiess @ot considered in that part of
the power system. These methods are also dependent on timeucaration facilities which
affects the reliability of the protection system. Therefooeal methods are more accepted in
practice [5]. Reference [62] is an example of adaptive SPAFhwds which is based on local
voltage measurements. In this method, the faulted phasageinagnitude is used for finding
a reference time to start the required calculations. Then¢ombination of the magnitude and
phase angle is employed for detection of the fault type. IFirexc extinction is detected based
on behavior of the phase angle of the induced voltage for eeanp fault cases.

Controlled switching of breakers for the purpose of redurctif surge overvoltages in shunt
compensated transmission lines is proposed in [63]. Inni@ghod, unsuccessful reclosing is
also prevented as the proposed method is designed to de¢eatd extinction time as well.
This method is alsoftective for both single-phase and double-phase-to-groaunitst

In [64], issues of single-phase and three-phase trippisgoint reactor during reclosing are
discussed. The main source of the problem is the resonahwedrethe shunt reactor and the
line capacitors. For solving the problem, it is proposedwdch off the shunt reactors before
the arc extinction. Therefore, there will be no resonanter #tfie arc extinction. However, this
method can lead to some other issues affiicdities. The method proposed in the paper is to
use power resistors in the neutral of shunt reactors for dagrthe resonance. However, what
is missed in this analysis is th&ect of neutral reactor which is usually used for a better arc
extinction performance.

During single-phase reclosing of lines, the voltage coodits unbalanced as one of the
conductors is isolated and only two phases are energiz¢@5])mapplication of Zig-Zag trans-
former for maintaining the balanced load voltages durimgl&i-phase reclosing is explained.
In this method, for the purpose of reducing the negativersege and zero-sequence voltages

of the load, application of a capacitor in the neutral of tig-Zag transformer is proposed.
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At the end, there is a fferent idea for adaptive single-phase reclosing calleditiyier
closing scheme proposed in [7, 82]. In this method, the éaufihase is tripped, initially,
thereafter, the remaining two phases are tripped with & sletaty. After the three-phase open-
ing, the residual energy in charged line capacitances ahactances feeds the arc until the
energy is consumed and the arc is quenched. In this case, fétift is temporary and arc is
extinguished, a sinusoidal signal with a nonzero fiset appears in the faulted phase volt-
age which can be considered as a sign of arc extinction, \@hafehe fault is permanent,
the faulted phase voltage becomes zero and a permanentdéaulie diferentiated from the

temporary fault [2].

1.4 Obijectives, Contributions and Novelties

In a traditional single-phase reclosing, the reclosing teactivated with a predetermined time
delay after the single-phase isolation of the line calledddiéme. There are two main issues
about the traditional reclosing method. The first issueas tlclosing is performed regardless
of the fault type, i.e., permanent or temporary. The secendd is that even if the fault is
temporary, there is no guarantee that the secondary ardirgeished before the reclosing.
In this research work, both of the issues of the traditioralasing method are covered. The
third part of the research work is to propose a method foriptied of the arc extinction time in
case the fault is temporary. Thisis important as in some ¢teanrp fault cases the arc extinction
time is too long. Therefore, it can be reasonable to issuéttee-phase trip signal instead of
reclosing despite the fault type.

The first part of the research study is dedicated to adaptigéesphase reclosing. For this
purpose, two reclosing methods are proposed. The firstibatibn of the proposed adaptive
single-phase reclosing methods is to quickly identify taeltftype, i.e., permanent or tem-

porary. This is important as adaptive reclosing must beoperéd only if the fault type is
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identified as temporary. In fact, reclosing the open bresakdren the fault is permanent is
extremely dangerous for the power system equipment as w#tesstability of the system.

The second contribution of the performed research studydetect the arc extinction mo-
ment for temporary fault cases. In adaptive single-phadesmg techniques, reclosing takes
place only when there are evidences for the arc extinctidrer&fore, in cases of temporary
fault detection, the reclosing time delay is flexible depegan the situation [2].

There are some works done in the area of fault type recogrétnal arc extinction detec-
tion. The contribution of this research work is to develogtéa and more reliable methods
compared to the existing techniques. Also, the developdtads are fective for any kind
of transmission line configurations, including ideallgfisposed, untransposed and partially-
transposed, and with and without shunt reactors. The deedlmethods utilize local voltage
measurement data as communication facilities betweemihisities of the transmission lines
are not always available.

Finally, regarding the arc extinction time prediction,rdare no publications presented in
the literature in this area. In this research work, therehaceadaptive methods proposed for
the purpose of prediction of arc extinction time. Therefdhe proposed prediction methods

are considered as novelty in single-phase reclosing refseaea.



Chapter 2

Reclosing in Transmission Lines

According to an IEEE Power Systems Relaying Committee teporto-reclosing of circuit
breakers in transmission lines has been considered as acadyg and beneficial function in
power systems [5]. The main purpose of auto-reclosing i&pkhe faulted transmission line
in service as long as possible which makes the power system ralable and economical.
This concept works only when the fault is of temporary nagtuee, faults in which the fault
resistance is not solid and it can be cleared by itself. Badturred due to a broken branch of
a tree is an example of temporary faults.

In reality, the idea of reclosing has been a very beneficedfze as according to statistics,
80% of faults in overhead transmission lines are of tempyanature [2]. The performance of
auto-reclosing task can be confirmed during disturbanadading abnormal weather condi-
tions such as storms and heavy rains. In such conditiongethporarily faulted system can
go back to operation without any special interruption angraed for maintenance [2].

In this Chapter, history of reclosing is discussed to see thoswconcept has been adopted
by power system utilities. Afterwards, application of dexghase reclosing in Canadian grids
is considered. Then, various reclosing methods in termsabdsing speed and number of shots

and phases are described and the application of recloswvayious conditions are discussed.

11
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Later, the operation sequence of protection system dumgesphase reclosing is explained
and at the end of this Chapter, IEEE guides for auto-reajpsicluding the settings and various
operating modes are explained. It must be noted that in dodstay consistent, protective
device in this Chapter means a device that performs theragtosing task. This can be done

either simply as a logical circuit in the same device or agpasde device.

2.1 History of Reclosing

Beginning of the twentieths century was when reclosing disethe first time in radial feeder
circuits in which fuses and over-current relays had been@&ed for protection of the distri-
bution system. Studies showed that the initial version ofossng was successful in 73 to 88
percent of the cases [2].

Inverse-time relays with instantaneous trip elements wareduced to the power sys-
tem in early 1930's. These relays helped coordination witefschemes. At those days,
auto-reclosing techniques used for reclosing of the difollowing a predetermined delay for
deionization of the arc path and mechanical reset of the,retdy one time, and if relay trips
within 30 seconds after the first trip, lockout is consideréde Continuity of the service was
the only purpose of the first reclosing techniques.

Later, transmission level circuit breaker were introdutethe power system with high-
speed mechanical performances. Fault clearance time wWasae by faster operation of the
newly developed breakers. The faster operating speedesé thew circuit breakers reduced
clearing time, permitted high-speed reclosing by whicheaysstability was also enhanced.
Also, minimum reclosing time was determined by studying e flash-over probability in
insulators. This ensured the needed time for deionizatidineoarc path.

As the first, auto-reclosing applications for line with meéhan two terminals, in order to

circuit completion, it was practiced to perform a delayedasging at all line terminals provided
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that the first reclosure be successful. Still the best regjgsractice from the continues serving
point of view is multi-shot reclosure.

In recent years, transformer failures caused by reclodimiistribution substation feeders
have concerned the system activists. Also, there is a chaihtereasing stress on shafts
between generators and turbines. It must be noted thas#us ihas been discussed in a paper
at around 1940. It was concluded that despite transient ppbmgs, single-pole switching
might be dictated.

Considerable enhancements in mechanism, designs, apereliability and speed of high
voltage circuit breakers is been achieved, recently. Toslagh achievements in addition to
developments in protection devices have made high-spe&isieg a practical scheme.

Due to nowadays achievements in solid state and digitahtdolyies, one reclosing Relay
per Breaker has been considered again. e.g., one specgiedittt or reclosing processor can
be used for programming for each of the breakerfedintly. This processor can check the
de-energized or energized status of all lines, buses,ipoasiof all circuit breaker selector and
control switches, closing control voltages, circuit bresagositions, etc. As various stations
became available through communication, the conditiomk@dge at other substations can be
more local than central.

Having access to fast communication systems and data @&emuisiow it is possible to
make control of the transmission line circuit breaker, cEntBut it seems that control of

reclosing systems must stay local at the substation level.

2.2 Single-Phase Reclosing in Canada

Generally speaking, single-phase reclosing is in practiostly in Europe and Asia [25]. In
many North American provinces and states, single-phasesiag is disabled due to the danger

of unsuccessful operation of traditional reclosing method
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Single-phase reclosing has been in practice in BC Hydrosiméssion lines with four-
legged shunt reactors for the last 40 years [31]. Before 1Bigh voltage transmission lines
in BC were not equipped with four-legged shunt reactors. ikh 1970s, BC Hydro started to
equip the new 500 kV lines with four-legged shunt reactosauplied single-phase reclosing
to the lines. Currently, in BC Hydro grid, single-phase osahg is disabled for 500 kV lines
without shunt reactor [66].

According to Alberta interconnected electric system prtibe standard, all 240 kV and
higher transmission lines shall be equipped with singlasghreclosers [67]. The minimum
value for dead time setting is 0.75 s in Alberta. For longeaddgéme durations, appropriate
system studies must be performed while shorter dead-timregidas are not allowed [66]. In
Quebec, 330 kV transmission lines are equipped with sippkese reclosers with dead time
settings of 0.75 s and 1 s while this is not applicable to 735like€s [68]. Single-phase
reclosing is applicable for 500 kV lines in Manitoba [69]. @mtario, reclosing is applicable
for distribution networks [70].

A different reclosing technique called single-phase switchimgined by combining single-
phase reclosing and single-phase tripping was put in peaot 155 kV and 220 kV European
transmission lines in 1950s [71]. The main reason of apiptinaf single-phase switching was
to increase the power transfer capacity of the line and restability issues. This methods
was applicable for transmission lines shorter than 40 kremgth with no ground wires. This
is because in such lines single-phase faults are very comvhid@ secondary arc extinction is
not an issue. This technology was extended to 420 kV line9@04 [72].

In Canada, single-phase switching was employed by BC Hyairdwio 230 kV lines in
1964 and 1971. Similar to European cases, the reason facapmh was to increase the line
power capacity. This technology was used in Tennessee Dfb®a 500 kV 150 km line [73].
Later in 1980s, single-phase switching was extended to %00nkes for transient stability

enhancement purposes [72].
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2.3 Various Reclosing Methods

There are various automatic reclosing systems in use tauhyhey may be classified in dif-
ferent groups such as high-speed or time-delayed, sitglees multiple-shot, and single-pole

or three-pole. These reclosing methods will be discussétkifollowing.

2.3.1 High-speed vs. time-delayed

High-speed reclosing means reclosing of the breaker whkiciot delayed, intentionally. The
only existing delay is the necessary time needed for deatioiz of the arc path.

However, most of reclosing schemes consider time-delag.time-delayed reclosure, the
breaker is being closed after an intentional time-delayctvis longer than what is considered
for deionization of the arc path. The length of delay is mobttween one second and one

minute depending on the situation [5].

High-speed reclosing

There are some benefits in application of high-speed re@asaluding reduction in outage
time, improvement in security and integrity of the systerghler probability of some recovery
from multiple contingency outages and preserving machinalgy.

When high-speed reclosure is considered, there are alse l#nitation considerations on
system equipment, operating practices and configurati@omMimitations are as follows:

1) For permanent fault cases, stability of the system mustdiatained after a high-speed
reclosing.

2) High-speed protection must be considered to trip at afhiteals of the line, simultane-
ously for all fault cases to provide enough time for deioti@aof the arc path.

3) Configuration of the system has to be able to hold the ariffierence of two sides the

opened breaker with a suitable variations.
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4) Evaluation of any harm to rotational power devices cotewto the system must be
considered.

5) Voltages induced from circuits in parallel must not sirstae faults.

For a successful high-speed reclosing, the path of the ast neustficiently deionized so

that the insulating properties can be re-established twige-energizing the transmission line.

There are some factors that aféeetive for a successful high-speed reclosing including:
- time of the fault clearance,

- construction and design of the transmission line,

- transmission line location compared to human-made orraldf any sources of danger,
- magnitude of the fault current,

- lightning stroke various components,

- weather condition,

- instantaneous voltage value at the moment of the line eegération,

- inductive and capacitive coupling with the circuits in @&l connection,

- some other factors such as series capacitors, shunt reaetoped loads, etc.

Time-delayed reclosing

While time-delayed reclosure is applied, there are sonterfato be considered including:

- Time-delayed reclosure can be beneficial provided thaf@ate protection system is not
applicable for all of a transmission line terminals.

- Decrement of the fault arc re-establishment probabiltyierement in the predetermined
time-delay.

- The desired minimum time for re-establishment of the syst&cuit, recognizing the
number of terminals of the line, stability studies, reqoiemts of the system, kinds of the loads

and damping factors of the system.
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Considering the time-delayed reclosure using the faseetvsing schemes, usually only
one of the line terminals is being reclosed each time fomergazing the line. Also, relays for
voltage monitoring are usually considered for determoratf the system voltage presence on
one of the breaker sides. Therefore, the user will be ablelezthe conditions of the system
voltage that has to exist prior to issuing reclosing permigsin advance. Sometimes, users
allow a delayed reclosing only when the phas@edence between the contacts of the open
breaker in a predefined range and stays synchronous withdesieed amount of time which
is performed by sync-checks.

Load-flow and stability studies must also be performed ire@sc-check for unusually
long fault-clearance time is needed. Sometimes, doul#elechg of the phase flerence and
being synchronous before application of the reclosuretfones unnecessary due to the num-

ber of parallel paths with the faulted line.

2.3.2 Single-shot vs. multiple-shot

Single-shot reclosure means either high-speed or timeyddlreclosing the breaker during a
reclosing period, only for once. the other choice for recdgsmultiple-shot, is to reclose the
circuit breaker during the considered duty cycle for moanthne time.

A typical reclosure at a line terminal may include a highespesclosing which is not su-
pervised by either sync-check or dead-line relaying, a-il@lay reclosing which is supervised
by dead line voltage protection. A successful reclosingld@low the other line terminals
close by a time-delay, supervised by sync-check protection

Generally speaking, modern high voltage and extra higlagelbreakers are able to operate
in any multiple-shot reclosure period, practically. Sorpeaal issues regarding the circuit
breaker elements including opening or closing resistarmressure of the available gas, air or

fluid, or factor of derating based on the expected fault curmaed number of fault interruptions
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in a predefined time period in total can limit thiext on duty cycles or repetitive performances.

Before applying the multiple-shot reclosing, the user nmake sure there would be no
danger of system instability or other possible limitatiamsase the fault is permanent. As
an example, multiple-shot reclosing is not practical wreggé motors or turbo-generators are
danger of mechanical damage is probable. Also, it is morgalds to postpone the second
reclosing shortly so that all transients of the previousosae are damped, properly.

Historically, single-shot reclosure of transmission $rfeas been in practice. But, later,
multiple-shot reclosure also became desirable and pedctithis is mostly due to the fact
that most of the power system substations were not undensspey control, traditionally.

In such substations, it is not practical by the personneketdopm the second reclosure after
one unsuccessful one. But, at substations where dispgthperformed by the personnel, an
unsuccessful single-shot reclosing may lead to a lategeutdnich is not necessary.

However, at those locations where an employee must be disgiita delayed outage may
unnecessarily result if a single-shot reclosure is unsstae About 25% and 10% of utilities
have records of successful 2nd and 3rd reclosing functrespgectively. But at the same time,
breaker constraints and reset time of the reclosing relaysdbe taken into account not to have
problems in the result of additional operations of the beeakn a predefined time duration. If
there is no desire for single-shot reclosure schemes togbaces by multiple-shot methods, a
considerable success may be achieved by single-shotiregleshemes just by increasing the

time-delay.

2.3.3 Single-phase vs. three-phase

The diference between single-phase and three-phase reclosimaf is tsingle-phase reclos-
ing, tripping and reclosing is performed only to the faul@dhse. In single-phase reclosing,

electrical power can be transfered through the non-fayteases while the faulted phase is
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open. This leads to decrement is rotor-angle drift rate betwthe synchronous machines and
increases the stability margin of the system. The only nyajoblem is &ection of the ground
protection of the system due to circulation of the groundeis.

During fault clearance in a single-phase reclosing, due@pacitive an also inductive cou-
pling of the phases, there is an induced voltage in the degeeel line. The magnitude of this
voltage depends on the mentioned capacitance values aedoitee on the transmission line’s
configuration and physical dimensions. This voltage magesaithe arc to stay on for a longer
time period while the faulted line is isolated. In this cabe, arc is called the secondary arc.

The main purpose of considering the reclosing time-delé&y ggve enough time to the sec-
ondary arc to be extinguished and therefore, to avoid rexesnto-fault and arc restriking.
The amount of this time-delay, called the dead-time, is ehdsased on the system analysis.
One of the diferences between single-phase and three-phase reclobemmes is the dier-
ence in the dead-time which is considerably shorter in tplegse reclosing.

In some cases of single-phase reclosing, the amount ofdibeu voltage on the secondary
arc is really huge which can make the arc extinction time veng or even infinity. In such
cases, one practical method for decrement of the arc exdimtine is to compensate the line
capacitances and therefore, to reduce the amount of theeddwoltage. This is basically
done using for-legged shunt reactor, i.e., a three-phasztarewith a neutral reactor. Another
possible method is to close and reopen the grounding swvgiiolstalled on the faulted phase in
a fast manner.

In some special power system substation designing metbgesl, single-phase trippifrg-
closing and three-phase trippjineclosing are considered independent and non-relatedcin s
designs, it is the role of the protection system ro recogthizdault type, i.e., single-phase or
multi-phase and also to introduce the faulted phase(s)eheial, three-phase tripping (with

no reclosing) are applicable when:
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- A single-phase-to-ground fault is followed by an unsusbdseclosure,

- There is a multi-phase fault,

- There is an abnormal delay in performance of single-pheslesure task while the fault
is recognized as single-phase-to-ground,

- More phases become involved in the fault while the maintéabphase is isolated.

2.4 Protection System Operation During Reclosing

When the reclosing task is considered for the protectiotegysthe sequence of operations can
be listed as 1- single-phase isolation of the faulted phade?areclosing of the open phase.
If the reclosing process is successful, it means the isbfaitase is back to operation, success-
fully, and the normal performance of the power system is etqueafterwards. However, if
the reclosing is not successful, the next action is eithgiaréng the process by isolating the
faulted phase for the second time or refusing the recloginge second time by three-phase
tripping of the breakers.

Sequence of operation of the protection system during aesstd reclosing is shown in
Figure 2.1 [74]. As obsrved, there is a delay for operatiderahe fault instant, called oper-
ating time which represents the fault detection delay. mfeéeds, another delay is considered,
intentionally, called dead time. This time duration cotsiE 1- opening time, i.e., the time
needed for the contacts of faulted phase to separate, 2gaigie in which the secondary arc
fed by the charge of the line and also by the non-faulted ghlaseomes extinguished and 3-
waiting time for reclosing. After the dead time, reclosirggranand is issued and after a delay
which is for the closing time of contacts, the system becoemesgized and goes to normal
operating mode. The typical value for the dead time settamieg between half a second to

one second [3].
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Instant of fault

Operates Resets
Protection |
ESpe_ratinq |
time
Transient Trip coil  Contacts Arc Contacts  Closing circuit Contacts Contacts
fault 9 energised separate extinguished fully open energised make  fully closed
Circuit JII'
breaker Pt
Opening  Arcing Closing
time time time
Operating time Dead time
System disturbance time Relay ready to respond to further fau)t incidents
Reclose initiated by protection (after successful reclosure)
Auto-reclose relay i
! - —— =
< : - |
Dead time Closing
pulse time
o Reclaim time —————
Time

Figure 2.1: Sequence of operation of the protective relay ding a successful reclosing
[74].

Reclosing can be unsuccessful due to permanent fault iocept reclosing before the
secondary arc extinction. If the reclosing is unsuccessfiel sequence of operations is more
complicated. As shown in Figure 2.2, the sequence of an wesstul reclosing is similar
to the successful one until the first reclosing. Then, asdhé fs not cleared yet, the whole
procedure may become reset by starting from the beginnidgeaergizing the trip coil and
trying the whole process for couple of times. If any of thd@emg trials are successful, the
system can go back to normal operation. However, the nunfliegats is limited and finally,

the last action will be to issue the three-phase trip signdlita de-energizing the whole line.

2.5 Application Conditions

Lines with transformers and seriegshunt compensation
In practice, necessary inspections and repairs must berpesdl for a faulted transformer

and it is not a common practice to bring it back to service, edrately. Therefore, the line
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Reclose
1 Operates Resets on to,fault Operates Resets
| '
Protection
6pe_ratin§
time_~ S
Tripcoil  Contacts  Arc Contacts Closing circuit Confacts  Contacts ~ Contacts  Arc Contacts fully
Permanent < energised separate extinguished fully open energised  make  fullyclosed separate Extinguished gpen
fault f
Circuit
breaker |
Opening  Arcing Closing Trip coil
time time time energised
L Operating time Dead time Relay locks out for protection
Reclose initiated re-operation before reclaim
by pritect'\on time hale\apsed
Auto-reclose Y
relay | _____ |
Dead time Closing '
pulse time
Reclaim time Reclaim time
starts resets
- ——
Time

Figure 2.2: Sequence of operation of the protective relay ding an unsuccessful reclosing
[74].

breakers connected directly to a power transformer are exmhifted to perform reclosing in
case there is a fault inside the transformer. Therefore,d@ragion of the relays associated
with the power transformer, reclosing task has to be blockeduch cases, the pre-considered
lockout relay will be initiated by the transformer relay atiek transfer trip signal will be
sent directly to the the part considered for reclosure inigilocking. In such a process, it is

important to get the necessary permissions for terminalkaes’ reclosure when fault happens.

For shunt compensated transmission lines, the same poemnsianed for transformer-
connected lines must be taken into account. In case a shactorefault is detected, it is
essential that the line breaker be tripped, remotely, Waion of direct transfer trip signal. It
is generally desired that these shunt rectors stay corthextime while being connected to the
grid. In such cases, it is very important that the reclosiagtevented if any fault is detected
in the reactor. The only practical solution is to isolatefdndted reactor in advance, provided

that the line operation with no reactor is permitted by desifjthe system.
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Another problem that may be arised is the voltage osciltgtiroduced in the transmission
lines due to the resonance between the line capacitancetharghunt reactors, following
the line isolation. The problem is even more sever if thelladwn frequency reaches the
frequency of the power system which will need much more tdeky for damping. Therefore,
immediate line re-energization by high-speed reclosutk mo delay consideration would not
be applicable. At the other hand, the oscillations may caus®s in CVT output and also
mall-operation of the relays, specially frequency andagpt

When there is a fault in the line, series capacitors couldypassed if they are controlled,
automatically. Afterwards, the capacitor bank can be sedfited, automatically, if the reclo-
sure is performed, successfully. In such cases, recloswapplicable as switching transients

are mostly considered in design of the system.

Transmission cables and gas-insulated buss

For transmission cables, auto-reclosing usually is notiegdge. one exception is when
the line is a combination of cable and overhead lines, pewvithat the overhead part is the
major part. Sometimes, even the overhead line and cabledi@&eent protection systems and
therefore, it is possible not to perform reclosing when thigle is faulted.

When dealing with gas-insulated buses, auto-reclosingredy applicable unless it is par-
tially involved in the line relaying, e.g., part of the bustWween breaker-and-a-half method
breakers. However, the gas-insulated bus portion could hawwn relaying system. In such

conditions, the bus fault reclosure blocking will be poksib

Multi-terminal /breaker lines
Regarding multi-terminal transmission lines, assumirag tor all terminals, the stability

of the system is not disturbed by reclosing on permanent &nd high-speed reclosing is
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considered for all terminals, It is possible to apply higiead reclosing. Generally speaking,
it is easier to apply high-speed reclosing to a two-termiinalthan a multi-terminal one as at
least a shorter dead-time will be required.

When applying reclosing to a multi-terminal line, the pitetaying channel has to be con-
sidered. Also, relays must be set for each of the terminalstoh for all possible faults at that
spot. This leads to more accurate performance as all telsran@abeing taken care all together.
However, it could be more interesting to perform high-spestbsing at one of the terminals
and monitor other terminals for permanent fault detection.

Sometimes, it is practical to connect the line ends to maaa tine circuit breakers when
dealing with extra high voltage systems. Breaker-and{g-thauble-breaker and ring-bus con-
figurations are some examples for this purpose. For thedidtance in such circuit arrange-
ments, more than a breaker needs to be tripped.

However, applying the reclosure task to all breakers at #meestime can lead to more
fault duties. This means, the preference is to perform the tiésting by applying reclosure
to just one of the breakers and then move to the rest in casgcoéss. This can be double-
checked using sync-check and also by monitoring of the gelt&ometime, the first reclosing
is considered as high-speed.

Transformers

There have been vast studies performed on power transfehnércircuit testing and even
there were forts to modify the standard test circuit to deal with the @asing rate of the power
transformer failures due to the fault currents, speciallydid transformers manufactured in
1960s. The major damages that fault currents arise in wamsfs can be mechanical and
thermal which are interconnected. The mechanical stabilia transformer depends on factors
such as the size of the clamping forces and the qudiibensions of the materials used for
manufacturing. It also depends on the instantaneous tetyperof the transformer which is

in a correlation with the density of the winding currents.
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There are also some studies performed on transformer lgaldithe currents in the wind-
ings are symmetrical, there would be less amount of strespared to the asymmetrical cases.
During a fault, diferent components of the transformer are undéedint stresses and ten-
sions, and therefore, deformations oftdient types are expected fofférent parts, temporar-
ily or permanently. In case of a permanent deformations,gams the amount of clamping
forces have not been adequate and the transformer is sebgectailure due to future faults.

In the literature, short circuit studies are being perfatmeostly for the cases of small
transformers and in distribution level. There are alsolsiniroblems for power transformers
in transmission level. However, there are more complexihestudying the #ect of reclosing
on poweftransmission transformers due to number of windings andpoom@nts involved.

High-speed reclosing alsdfacts the thermal capabilities of power transformers during
short circuit. Although, thermal capability is not a verytical factor, it is essential to be stud-
ied when high-speed reclosing is considered. The lastiféitad can &ect the transformer life
is the loading habits. In some cases, power transformersudnjected to various overloading
conditions that can decrease the short circuit capabifityamsformers and therefore, some

restrictions in performing the reclosure must be consilere

Generators

There could be considerable amount of stress in shafts &ed parts of turbo-generators
because of operation of switches which has been of resaaeriest, recently. However, there
are not that much documented reports showing that harmsnoagles are actually caused by
switching or reclosing operations. But the fact is that ssitesses, even during an ordinary
switching operation, have accumulatiiéeets which means simple operations such as reclos-
ing can damage the electrical machines by time even thougbenithe main reason.

Current and power oscillatiofieansients caused by openjolpsing breaker operations can

lead to damage and stress on the generator units close fwihatThis will afect many turbo-
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generator components including stator components of therger such as winding and core,
all the rotary elements in the turbine, generator and exated shaft. The main problem is
when for a closed breaker, the average power changes. a@diste torsional stress production,
specially in the rotary components of the turbo-generator

To prevent such damages, some limitations must be appliedd@f change of current and
power depending on the power factor and the rated power, coms&dered just for steady-state
conditions. For damping of the oscillations, a delay as lasten seconds seems adequate and
by this assumption, a switching operation can be applied.

Another problem is what happens after clearance of a clofailt close to generator buses
if high-speed reclosure is considered. In such cases, tfalude of rotary components will
be used which leads to the machine failure. If high-speetbsetry is considered, for any
multi-phase fault cases, the level of stress will be less thaty faults (which is the worst
case scenario) but still the fault magnitude is enough fosicey the life losses. High-speed
reclosing onto single-phase-to-ground fault may provessIstress than multi-phase faults.
Although, the chance of failure is not high for such a faybietythe suggestion is to do studies in
any case, including high-speed reclositiggets on the geographically far but electrically near
substations as huge amounts of stress might be applied t® gossible remote generators.

The main studies for turbo-generator shaft failures calbsetbrsional oscillations is not
easy at all. Such studies may include shaft and rotary systedeling, obtaining fatigue pa-
rameters from the torque time response and finally, exirgeiconsiderable screening frame.
Any of these steps could be a considerable topic for studytogvever, the most essential part
now might be the last part, i.e., to find some practical messsto be used in the process of
design of power system substations. There are also soma&rchssorks indicating that it is
not feasible to study the shaft fatigue using very ordinaeasurements like the rate of change

of the current or the active power.
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Considering all the mentioned parameters above, utilisa® chosen very flerent strate-
gies in diferent conditions. In some cases, they have ignored applicaf high-speed re-
closing due to the possible harms, specially for power @abstations and instead, have em-
ployed some alternative reclosing schemes such as comgjdene-delayed reclosing, using
sync-check and even not to perform reclosing. One otheriljegzractice has been to apply

time-delayed single-phase reclosing instead of high&g®ee-phase reclosing.

In case auto-reclosing is not considered, the line will gEp#d df and therefore, the par-
allel circuits will have to carry more loads which can leadre over loading relay operation.
Therefore, it might sometimes be better to accept the rish@imachine failure not to allow
the phase angle to increase. In such cases, the reclosuredwaetd the protection relay must
be chosen, properly, to decrease the amount of the strebs ootary parts of turbo-generators.
This also needs more precisely selection of the yed@joser settings as the situation can be
extremely harmful and stressful.

Motors

Basically, there are considerably large similarities le&wgenerators and motors. There-
fore, it is expected that most of the items mentioned for ggoes be valid for motors as well.
Considering the rotary elements and the shaft, stressdaisiomgenerators exist in induction
and synchronous motors too. Motors in power systems aresigj to big stresses and dam-
ages caused by transients and other electric disturbaamogshe amount of stress increases by
increment of the motor and the associated drive systemstcl8ng operations in the power
system can also cause such stresses on the drive systenw/uimy transient torques.

Also, similar to the generator issues, the level of stressestly depends on the system
structure and configuration. The connected transformeedapces will act like kiters and
will absorb the disturbances caused by switchings, coralide When synchronizing with the

power system, it is generally easier to perform the synahadion process for motors.
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Another point to consider for isolation of disturbancesis protection speed. In fact, for
making the reclosing mordfective, it is very essential to use fast protection systentédar
the fault as fast as possible. During the reclosing timeygedalled the dead-time, it is also
possible to isolate the motor form the rest of the grid, teraply. In such cases, there is not
that much limitations in the number of high-speed reclosittgmpts and reclosing rates as
large as twenty to thirty are also considerable. In such itimmd, it is possible to reclose the
breaker of a source, however, it is more desire to preditpfasective devices for the voltage,
angle and frequency. Based on the connection of the primdey & is better to separate the
load from the motor by issuing the trip signal or by givingipéssion to the breakers to operate
within a limited angle and voltage range.

Generally speaking, it is not easy to talk about the gmgleage limits to be considered
for re-energization of isolated motors, either automaticmanual. But, there had been some
practical values in 1930’s for both angle and voltage asa®d 25%, respectively. Also in
transmission lines, the rate of high-speed reclosing isidenably low and therefore, it will
not afect motor loads and fast transfer when there is no supewdvice. In addition, it is
fast enough not to allow the residual voltage decay reaenabon limits.

Regarding the desigapplication personnel, they may consider the factors raeatl above
as each of them can cause permanent damages through ttémsjaas, for example. To avoid
this danger for motors, it is necessary to study these aspétte system, precisely.

Larger motors, both induction and synchronous, can patiytause problems in reclos-
ing. But, in many processes in industry, when there are a lnugaber of small machines
working at the sanyelose spot, high-speed reclosing can help improving thecedtered by
utilities. Therefore, they may advice the consumers abaritsof this trick and also, in de-
sign it can be considered. Electrical energy providers amdemers both may know about the
possible system transients during a switching processadt the risk evaluation and possible

solutions can be considered only if both sides are fully avadithe situation, in details.
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2.6 |EEE Guides for Auto-Reclosing

2.6.1 Fundamentals and applications

In this subsection, basic ideas of auto-reclosing are destfor distribution and transmission
system circuit breakers. Usually, the preference is tmsecthe breaker after the line protection
system tripping operation. In case the fault is not permariba isolated line can be brought
back to operation and therefore, the system will be able toydall active/reactive power
again, and the obvious results will be increment in the syst&ability margins as well as
offering a more reliable service to the consumers. The sameaisgas probable if there is a
fault on the substation bus at which reclosing can help tmreshe bus in case of a temporary
fault.

For having a proper auto-reclosing, consideration of sdamas is essential including:

1) How successful is the reclosing?

2) How much is harmful to reclose onto a fault?

3) Is the any need for specialized interlocker to avoid r&dlg under special conditions?
4) High-speed or time-delayed reclosing?

5) In case reclosing was not successful, how many attemptgdhbe considered?

6) Is there any need for voltage supervision?

7) Is there any need for sync-check?

8) In what conditions, reclosing must be avoided?

9) In multi-terminal lines, which terminal must be chosentfee first reclosing attempt?

10) How to initiate auto-reclosing?
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Auto-reclosing task performed by a reclosure relay

Historically, auto-reclosing task has been done by reopstlays which were reasonable
for some special circuit breakers. But, it is possible tdgren the reclosing task by any number
of processes and devices which has an input to get if a breskéysed or opened and even
how the tripping signal is applied, either by a relay or mdiyua

Generally speaking, it is possible to perform auto-recdggsask in one of the following
conditions:

1) Reset condition: In this condition, the breaker is cloggfirst. Then, the auto-reclosing
task waits for receiving a signal for starting the timing feclosing following the breaker’s
opening.

2) Cycle condition: In this condition, the breaker is openl &éime auto-reclosure task is
timing to the set time for closing the breaker. The other ¢gasehen the breaker is closed
after a successful auto-reclosure, timing to the set timéh®purpose of returning to the reset
condition.

3) Lockout condition: In such a condition, the auto-recless in the close position and is
locked in that condition. The reason is reclosing has haggpa least once before, however,
the relay has issued the trip signal again. In this condittba breaker will stay at locked
condition and the reclosing task can not be performed anyemdhe only way to reclose
the breaker in this condition is manual operation, eitheally or remotely (local-manual or
remote-manual).

4) Power-up condition: In this condition, the associatddyeeads the input signals and
the breaker situation to determine the true condition ard thill move to that condition. For
example, in normal conditions when no special input signatitiated, if the breaker is open,

it will move to the lockout condition, and when it is closedset is the true condition.
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If the auto-reclosure task is in the reset condition, thik tmay be performed in two pos-
sible ways for starting the timing to the first attempt whistibased on the logic scheme or the
design of the device:

- To detect the breaker’s opening, which will start the fiestlos¢open interval timing,

or

- To Detect that the breaker has been tripped by the protediwice, and to confirm the
breaker opening afterwards, which will start the first reelopen interval timing.

During opening of a breaker which is controlled, the reciggprotection device will start
timing to the first auto-reclosure attempt. Such a transifrom timing to the initial auto-
reclosure attempt will change the reclosing task from tetreondition to the cycle condition.
While completing this delay, the reclosing protective dewvill close the output contact to
initiate breaker closing and will confirm that the breakebéeen closed due to a condition
change of the input of the breaker status. If the breakerdcoat perform the closing task
during a preset time, the reclosure protection device nmgite to lockout condition, continue
to assert the close output or release the close output, masé#oe design of the reclosure
protection device and program.

During the closing of the breaker, the reclosure proteaemce will start the reset timer
which is called reclaim timer too. When breaker stays clpseelns a temporary fault was
detected, the protective device will continue timing toetesWhen the reset time-delay is
completed, the auto-reclosure task will return to the reesatition and will remain there for
the time the breaker stays closed.

For the cases of no fault clearance and the protection methows the second tripping
signal, the reset timer is stopped and reset, and the reelpsotective device starts timing to a
second auto-reclosure attempt provided that the relayt srggogrammed for more than one

auto-reclosure attempt.
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Following any of the attempts for auto-reclosing, in caselifeaker stays closed for a time

as long as the timer of the reset delay, the reclosure relthyaturn to the reset condition.

For the permanent fault cases, if number of the reset astosiere attempts finishes, the
next condition of the relay would be lockout while the break#l stay open. This condition of
the reclosure task will be kept until the breaker becomesecidy other methods, e.g., manual.
Based on it's design, the protective device might resett rdgiay of after a time-delay. The
amount of the delay can be equal to the successful reclossgj delay or can beftiérent.

For permanent fault cases, if the breaker is closed, manualt becomes open again,
the manual reclosing must be blocked. Similarly, it will lmasonable to avoid the reclosure
device from resetting provided that the breaker closurdde¢a the protection system pick up
and starts timing to trip. In case the tripping time-delayldrger than the reset time-delay,
a pumping condition of the breaker may happen which finally cause the damage for the

system equipment and breaker, and also some other hazdirtie possible.

2.6.2 Auto-reclosing for transmission systems

Transmission systems overview

Loosing a transmission line in the power system will haverssaterable fect on the sys-
tem’s reliability and economics. Auto-reclosure is beerigrened in a line for minimizing this
effect. Time-delayed and high-speed reclosing methodsfteetieely and widely employed.
The access to a huge amount of information using intelligelatying system and SCADA
will permit more selective reclosure tasks which can makesréclosing a more successful
operation at one hand and can reduce the rate of damage towlee gystem due to reclosing
onto permanent fault at the other hand. By increasing raeedaptive reclosing techniques,
controlled breaker closing and single-phase trip appboathe reliability of the system has

improved and the negativétects of auto-reclosure failure has decreased on the system.
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Additionally, beside the auto-reclosure methods, theeenaore system elements that need
to be considered regarding their impacts on the reclosupécapion. As an example, in a
line which needs reclosing supervision by sync. machine. ti® system fect reduction,
reclosing can be applied just to one of the line ends. Theretrer elements that majfect
the reclosure are transformers, motors, generatorsprsactapacitors, multiple-terminal lines,
etc. The auto-reclosing methods and the system elementidnatffect the reclosing of the

breakers in a transmission line are discussed in the faligui details.

2.6.3 Auto-reclosing methods

High-speed auto-reclosing

High-speed auto-reclosure scheme means to automati¢adlg a circuit breaker with no
predetermined delay more than what is adequate for deitboizaf the arc (see IEEE PSRC
Report [2]). In order to have successful operations at aettesing attempts for temporary
faults, it is suggested to consider high-speed auto-recoschemes.

There are some benefits in application of high-speed re@asaluding reduction in outage
time, improvement in security and integrity of the systeirgher probability of some recovery
from multiple contingency outages and preserving machisialgy.

When high-speed reclosure is considered, there are alse lgnitation considerations on
system equipment, operating practices and configurati@oMimitations are as follows:

- Configuration of the system has to be able to hold the andjierdnce of two sides the
opened breaker with a suitable variations.

- Voltages induced from circuits in parallel must not sustae faults.

- For permanent faults, the system must be stable after adpgld reclosing.

- High-speed protection must be considered to trip at athieals of the line, simultane-

ously for all fault cases to provide enough time for deioti@aof the arc path.
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- Evaluation of any harm to rotational power devices which esnnected to the power
system must be taken into account.

For a successful high-speed reclosing, the path of the ast Ineustficiently deionized so
that the insulating properties can be re-established twigg-energizing the transmission line.

There are some factors that afeetive for a successful high-speed reclosing including:

- construction and design of the transmission line,

- time of the fault clearance,

- magnitude of the fault current,

- transmission line location compared to human-made orakdfi any sources of danger,

- weather condition,

- lightning stroke various components,

- inductive and capacitive coupling with the circuits in @iél connection,

- instantaneous voltage value at the moment of the line eegézation,

- some other factors such as series capacitors, shunt reaetoped loads, etc.

2.6.4 Auto-reclosing settings

Number of reclosing attempts

The simplest auto-reclosure task in terms of number of gitens single-shot reclosure,
i.e., to reclose the breaker only once. Single-shot rectosan be performed either delayed or
high-speed.

The other option is to perform reclosing more than one timekwis called multiple-shot
reclosure. For performing multiple-shot reclosing, maagtérs such as the system stability
considerations, possible system equipment failure duauts €urrents, possible damages to

the customer and otheffects, etc., must be taken into account.
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Dead-time

There are some items to be considered for reclosure attegwten the relay has issued
the trip signal. It is necessary to bring the faulted phassk b@ operation as fast as possible.
However, if it is performed too early, considering a tempprault case, there is a chance
that the associated arc is not extinguished yet, and there¢f® reclosure attempt will be
unsuccessful as the arc will restrike.

During an arc restriking, the arc path, which is not deiodiget, will reconduct after an
unsuccessful reclosure. The time interval which is neededi¢ionization is a function of
the spacing of the conductors, the voltage level, the weatbiedition and the fault current

magnitude [81]. A practical value for a minimum needed tideday to avoid arc restriking can

be obtained from (2.1) [5].

t=105+V, /345 2.1)

in whicht is the time-delay, in power system cycles, &fds the line rated voltage, ikV.

For some circuit breaker types, there is a need for addintpg tieeither the auto-reclosure
time or the breaker time to reach the deionization time ofdfee As an example, there are
breakers available capable of reclosing in two to threeesycFor using these breakers, it is
required to add a delay to prevent from reclosing while tlteeds@not extinguished yet.

The deionization time of the arc may increase even more ia sag)le-phase tripping is
employed and in circuit phases keep the arc on, or when a arddigd line supports the arc to
be sustained.

Auto-reclosure reset-timeglockout

After a successful auto-reclosure, the protective devigstiipe reset and become ready for
the next possible fault inception operation. This is donalbyner called reset timer. In case

of a successful auto-reclosure, the reclosing protectved will go back to the rest condition
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after the reset time-delay. The reset time-delay selectépends on the fault nature and the
expected fault clearance time. As an example, the chan@taopping and therefore, another
reclosure will decrease if a longer reset time-delay is ehodf the delay is shorter than the
time needed for the arc extinction, then another tripfreoser might happen which has its
own dfects on the system and the consumers. At the other hand, nésle¢time is too long,
some lockout operations might happen although excessil@siag task will be avoided.

In case the auto-reclosing operation is unsuccessful, ribiegiive device will move to
the lockout condition in order to avoid the interruption devfrom automatic closing. Auto-
reclosure is either locked out or terminated afterwardptieeletermined attempts to the line
re-energization are tried and completed, unsuccessfilig.lockout state can be beneficial to
prevent too many wear on the relay from multiple operatiaused by common line temporary
faults, such as tree branches broken by wind, etc.

There are auto-reclosure systems which are capable of peaggammed to prevent se-
guential auto-reclosure operations by providing a lockoutation in case the fault number
reaches a predetermined value in a time window. For exara@@eshot auto-reclosure method
can be programmed to lockout in case 7 faulted cases occiBOmainute time window.

Another benefit of lockout is to prevent a relay from unwaraeb-reclosure while the
closed condition is applied to the line, manually. This daod will be applied, automatically,
if the breaker is manually closed, either remotely or Igcahd the breaker will remain closed

for a predetermined time period. Therefore, no fault wilkéat the breaker closing time.
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2.6.5 Auto-reclosing blocking

Auto-reclosure task is blocked typically in one of theeduling conditions:

1) Operator tripping: Auto-reclosure will be blocked in edbe breaker is opened either
by remote control or manually, at the station . When this lkahdpening happens to a breaker,

the preference is to be under the control of operator for lfugicg.

2) Voltage supervisory monitoring of the line: Auto-redlos could be blocked when there
is voltage on the line. This kind of supervisory monitorisgonsidered usually when the line
is connected to large generators, motors or other soliccesuAuto-reclosure will be blocked
when these sources from downstream maintain the voltaglesolme to avoid probable dam-
ages to the related rotary devices. The reason for the daguestablishment of an unwanted

system operation condition or out-of-phase energization.

3) Fault in an underground cable, a transformer or a bus: Rihi$ of fault is naturally
permanent most of the times and a breaker’s auto-reclosuraleepen the damage to that
equipment. Therefore, auto-reclosing’s both benefits ehkd vs. blocking the auto-reclosure

must be considered.

4) Unbalance of voltage: Auto-reclosing may be blocked wdrennbalance is detected in
the substation voltage. An open phase in the source-siddaadyo such unbalances. Service

restoration when the condition is not balanced can leadstoower equipment damage.

5) Circuit breaker failure protection: Circuit breakerl@me protection basically trips all
breakers which are directly connected to the bus or condéathe bus through thefiierential
protection of the bus. Auto-reclosure of the breakers vélblocked till isolation of the failed

breaker and restoration of the bus.
6) If closing of breaker fails: In case a breaker fails to elésllowing an auto-reclosing
attempt (auxiliary contact 52), closing take more time te&pected, or detection of an open

circuit (discontinuity), auto-reclosure attempts will lblecked to avoid further damages.
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7) High-current faults: For blocking of auto-reclosure tose-in high-current faults, a
high-set instantaneous element may be employed. This ibigdipe is usually applicable
when the fault reaches the rating of damage of the generatwsformer or other equipment.
The fault type is probably permanent in the exit cables orggant of the substation.

8) Cumulative operations lockout: This case is considerbdres the duty of fault ap-
proaches the preset rating of circuit breaker for autoeale blocking after a predefined op-
eration number till performing the necessary maintenandarespections.

9) Receiving a transfer trip: Sometimes, a timer is initlatéhen a transfer trip signal is
received. The reclosing sequence operation is avoidedsmakihe timer’s time-out.

10) Backup tripping: A zone 3 distance zone (overreachingy)leyed for backup protec-
tion can be used for reclosure disabling as it shows a protefailure of another zone.

11) Under-voltage or under-frequency load shedding: Aetdesure is basically blocked

for feeders tripped by load shedding.

2.6.6 Operation considerations

Lines with underground cables

For underground cables, faults are mostly of permanent@aiud auto-reclosing must be
applied according to the following guidelines. Lines tha¢ winderground cables partially and
not for the whole length show special concerns for utiliteesonsider auto-reclosure.

If the line is made of cable, completely, auto-reclosing nioesavoided. It is not needed
to put the cable at risk of more damages and subject the poaresformer of the substation,
circuit breakers, buses and other parts of the power systemote potential damages and
stresses. According to an IEEE Power System Relaying Caesrfteport, auto-reclosure ap-

plication for underground cable lines is not recommendéd [2
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Based on the length and location of the cable portion conaidaréhe total length of the line,
utilities sometimes consider this feeder type as compleetrhead and apply their own auto-
reclosing practices. Some other utilities may considenglsishot auto-reclosure to evaluate
the line for a temporary fault or other possible conditidmasttmight lead to misoperation of
the relay. The other solution can be to use a sectionalizasdétation of the cable part and a
modified version of the auto-reclosure schemes, simultasigdf the line is partially overhead
and partially cable, auto-reclosing can be applied if abserf fault in the cable portion can be
determined [2].

It must also be considered that which end of a combined lib@atose-in as the first auto-
reclosure attempt. Overvoltage studies based on a tranmsémork analyzer might need to
be performed to check for any possible problems may happesasi& auto-reclosing is applied
to the line. Such studies could be extremely essential ia aashunt reactor is connected to
the line for controlling the #ect of capacitances of the cable which increase the linagelt

called Ferranti ffect [1, 2].

Auto-reclosing following bus faults

Auto-reclosure task following a fault on bus is sometimegliggl to return the system to
normal condition. The decision to use auto-reclosure tab&fing a fault on a bus is made
as a result of a tradefiobetween the reclosing consequences into a bus fault andfdw ef
an extended bus outage. As the buses of the power systentyusuhlin couple of elements,
both the bus fault and the outage of the bus might have caredidedtects on the operability
and the security of the system. The merits of auto-restovaif a bus after a temporary fault
are usually evaluated versus the possible risks if the fadi#ct is permanent. Some possible
risks can be mentioned as probable damages to basic equipspenially turbo-generators

and transformers, and impacting the stability of the system
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For substations of type of open-air, in some cases, autosi@e on the breaker of a bus is
done when protection device operates for the bus faultse@éynthe auto-reclosure is delayed
in time, e.g., for five seconds, and there is not supervisidass if buses could be connected
to other sources. Such sources can be distributed on thentission line or feed other trans-
formers. An under-voltage relay might supervise the aatdasing in such conditions. Other
conditions of the system may need for the auto-reclosingkhg, e.g., under-frequency, trans-
former diferential, breaker failure, etc.

Similar to overhead distribution or transmission linesua s subjected to faults external
causes such as insulator flash-over, animals, lightnicgwdten employs open-air primarily
as the insulation medium. An open strain bus or outdoor ot lbus are examples of this
bus type. If these fault types are cleared, immediatelycaessful reclosure with no need for
inspection would be probable. This probability may Ifkeeted by spacing of the conductors
which itself depends on the voltage level of the bus. Tempdeailts incepted due to presence
of an animal are more likely to happen in distribution netkgor

Open-air buses are not usually that exposed to public duesepce of substation barriers,
fences, etc. However, this availability is lower for transsion lines. Therefore, application
of reclosing in open-air buses could be considered as agyrgmeat for public that transmis-
sion line reclosure. Another danger of reclosing of operbases is for substation personnel
during maintenance and other routine tasks. This secongedaan be decreased by using
the function of reclose cufbwhich blocks the auto-reclosing during routine tasks, @che
substation. This generally will be similar to the live-limaintenance function which is usually
considered for transmission and distribution circuits.

It is possible to protect a bus from external interferentgspcally, by an appropriate insu-
lation method. Isolated phase bus, SF6 switchgear, miatdlsgvitchgear and insulated cable
are examples of this kind of isolation. If a fault happenssaoh buses, it will not be that likely

to be cleared by itself and will not be beneficial to apply aclosing to such kind of buses.
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When auto-reclosure scheme is applied to a bus fault, itssipte to consider single-shot
reclosure protective device for one of the breakers coeddotthe bus, to perform the breaker
reclosing in case of dead-bus-live-live condition. In pices it is common to choose a breaker
for performing the testing task for the bus that will have liveest dfect on the system in case
of permanent fault. Most of the times, it is the live circuibhieh has the lowest short-circuit
capacity. But, the dierential relay of the bus must be sensitive to the downgréaidtcurrent
level so that for permanent fault cases, tripping becomesiple. One solution for this is to
decrease the pickup current threshold for a short time geluwing de-energization of the bus.
Another solution can be considering an instantaneousaveent relay dedicated to reclosing.
For the purpose of choosing a proper level of sensitivityéatosing protection of the but, the
effect of inrush currents provided by VTs and other bus equipmerst be taken into account.

While reclosing the breakers connected to one bus, if tHesieg operation was success-
ful for the first bus, auto-reclosing can be performed for rtb&t of the breakers of the bus

considering the limitations and permissions issued fotitteebus condition.

Circuit breakers

A minimum amount of time between initiation of tripping aretlosing signals is needed
for all interrupters and circuit breaker mechanisms. Suga@in time is essential for the
breaker insulator to stabilize the internal insulatoreotfise, the breaker will not be able to
tolerate the rated electric field and will collapse in caseliteaker reopens the circuit due to
presence of fault. If this time delay is not included in theiga of the breaker, it must be
considered by the utilities and protection engineers. Themum needed time is defined by
the manufacturer of the circuit breaker.

The other factor to be considered regarding circuit bresaisethe time needed for recharg-
ing the springs, compressed air and other mechanical coemp®of the breaker for the next

operation. The subsequent operation can not be performepey, if the recharging time is
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too short. In such conditions, an interlock scheme mightropleyed by the breaker so that
adequate amount of energy is restored for the next operation

Such features are mentioned in the associated standarais #o1d oil breakers’ magnetic
circuits in which the time gap between consequent faulteasshort for strength recovery of
the dielectrics. Such de-rating factors might not be neddesglacuum or SF6 pitier circuit
breakers because for these technologies, the recoverydiirttee dielectric is shorter than
open-interval time. But, if the duty cycle of the circuit bker is diterent from the standard
requirements, it is recommended to consult the manufacaloeut the issue. For the case of
oil circuit breakers, the capability for the circuit inteption is dependent on the fault current
magnitude and the sequence of reclosing.

It is essential and required for circuit breakers to havepalogity of interruption based on
the standard duty cycle, Rated Standard Operation Dutyorarg to IEEE Std C37.04, the
standard duty cycle is defined as two operations with a 15rg@fal between them or in other
words,CO + 15s+ CO, whereCO means close-open. If the time interval between operations
is longer than 15 s or the setting of duty cycle characteristia circuit breaker is performed
for more than two operations, the interrupting capabikityrg of the breaker will be modified.
One or two of these characteristics cdfiogently be incorporated by the auto-reclosing duty
cycle to derate or reduce the interrupting rating. For alhgythe recovery of the dielectric of

the circuit breaker insulations, such derating is required

Lines with automatic sectionalizing

For decreasing the amount of load$eated by short circuit fault, auto-sectionalization
option might be used by radial lines which are connected #t bods to source buses, and
distribution feeders. Also, for isolation of the faulteadgen of the line and therefore, the auto-
reclosure permission for service restoration for the raaritéd sections of the line, automatic

line sectionalizers or similar methods might be employeddalyal distribution circuits.
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Automatic sectionalizing might also be used in transmis8ites with networked structure
and tapped loads for improving the quality of the servicehi Ibads. In this case, on each
end of the line a potential device is required as an idealjgeato allow auto-reclosure voltage
supervision. But, it is possible to coordinate the linerselbreaker’s auto-reclosing task with
sectionalizing method to allow sectionalizing followingetfirst shot and before the second
shot of the auto-reclosing. It is better to perform the fitsdtsof the auto-reclosing prior to
sectionalizing. By this, it will be possible to restore adirfs of the transmission line right
without any delay. For this, the fault has to be temporargdse of failure of the second shot,
the line will be locked out as there would be an indicatedtfaatween the sectionalizing spot
and the source.

There is a similar reclosing considerations for networkedadial lines with loads under
application of auto-transfer methods. Such methods ardageqg for transferring to reserve
or second supply connected to another feeder or line. Tim&aosferring will be initiated
as a result of the primary supply loss. The transfer will bertdal and the transfer timer
will stop and reset if the fault of the line is temporary and grimary supply is re-energized,
successfully, before the time out of the transfer timer. r&fage, for coordination with the
transfer time delay, the first reclosure attempt must be matlea short time delay. The sec-
ond attempt should not be made till the auto-transfer mellasdime to perform and finish the

transfer function in case the first reclosure attempt is notassful.

Adaptive auto-reclosing

Nowadays, it is possible to implement many reclosure methlogt can be adapted to dif-
ferent conditions including time of the day, heavy load omather forecast. Such methods
mostly depend on both the final consumer and the system. vidotjoare some examples of

installed and proposed adaptive reclosure methods:
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1) A method disables or enables fuse saving by performingipheHshot reclosure during
weekends and evenings. The worst case scenario for an fiadigsistomer is to experience
any interruptions in the facility operation. Thereforeridg operation hours it is not allowed
to do fuse saving.

2) Operators are allowed by the method to disable or enaldéeraalosure depending on
the weather conditions. There are some historical dataged\wby utilities showing that most
of successful auto-reclosure operations have performadgithunderstorms.

3) Controlling the sequence of auto-reclosure on a lineugiclg downstream reclosers,
using overcurrent element. In such method, an overcuretay contact is being closed when
the current level reaches to a value associated with the stogam fault current. In case this
contact is closed, it can be concluded that the downstreelmser has operated. This leads to
the reclosing relay skip the initial reclosure attempt tirahtely the breaker is called on for
the fault interruption.

4) Application of overcurrent element for detection of tbad level to show if a consumer
has started a large motor and it is desired that the reclossrabt operate for such a condition.

5) Application of an impedance element or an overcurremhetd of high-set for determi-
nation of any fault inception in the cable portion, betwelea transition to overhead and the
breaker. For such a case, reclosure must be avoided.

6) Alarm of trip circuit monitor or breaker failure trip. Inase a relay issues the tripping
signal while the breaker does not open for during the timaaugd, for example 6-10 cycles,
auto-reclosure is better to be blocked. It is also bettestan alarm for trip signal monitoring
to block the reclosing operation in case the trip circuittowity is detected by a logic circuit.

7) When a breaker fails to close. In case an auto-reclostegnat is made but the breaker
stays open during the pre-calculated closing time, motdesetwy attempts must be blocked.

8) Postpone the auto-reclosure to the after the arc exaimciihis needs the application of

line-side voltage transformers [5].
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9) For multi-phase faults, auto-reclosure methods mustdukéd [5].

10) Perform reclosing operation immediately, if the trips andesirable. Immediate re-
closing initiation can be performed by a substation SCADApater if the dat from fault
shows there is a incorrect operation for relays.

11) If sync-check is employed for reclosing, change the symeck angle. This angle can
be setif there is a considerable disturbance in the systemttire might be not enough speed
ot capability of the algorithm to perform a fast angle cadtian when there are rapid changes
in the system conditions [5].

Having used smart breakers, it is feasible to set the nunflgaranitted reclosing attempts
or the reclosing time delay using the records of the operatad the breaker. As an example,
in cases there are too many operations in a limited timevatgeit might be better to increase
the delay time length or to block the reclosing. But for fawitith smaller currents might be
performed with shorter delays. For faults with high resises it is also better to block the
reclosing. It is also possible for a computer to rotate tloéosaire task for breaker-and-a-half
and ring bus structures.

Using adaptive reclosing, it will be possible to set rectesmnode for diterent lines. Using
WAN, wide area network, the dispatcher of the load can hawenconication with other sub-

stations and perform the online reclosure setting, i.engufie current situation of the system.

Time-delayed auto-reclosing

For the time-delayed reclosing scheme application sometgghould be considered as
follows:

- Fault arc re-establishment probability reduction by @ament in the predetermined time-
delay.

- Time-delayed reclosure is useful provided that adequategtion system is not applica-

ble for all of a transmission line terminals.
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- The wanted re-establishment time of the system circwiggaizing the number of termi-
nals of the line, stability studies, requirements of theeys kinds of the loads and damping
factors of the system.

Load-flow and stability studies must also be performed ire@sc-check for unusually
long fault-clearance time is needed. Sometimes, doul#elechg of the phase flerence and
being synchronous before application of the reclosuretionds unnecessary due to the num-
ber of parallel paths with the faulted line.

Considering the time-delayed reclosure using the faseetvsing schemes, usually only
one of the line terminals is being reclosed each time fomergizing the line. Also, relays for
voltage monitoring are usually considered for determoratf the system voltage presence on
one of the breaker sides. Therefore, the user will be ablelexsthe conditions of the system
voltage in advance. Sometimes, users allow a delayed reglosly when the phasefiierence
between the contacts of the open breaker in a predefined aampggtays synchronous with for

a desired amount of time which is performed by sync-checks.

Stability considerations

While considering high-speed reclosure schemes to inerd@stransient stability margin
of the system, restore the important lo@dstomers, or restore some required interconnections
in the system, it must be noted that there are both meritsisksltogether. For example, if the
fault is permanent, there is absolutely no merit in perfogrtie reclosing. For this purpose,

it is recommended to perform stability analysis on the syiste

Switching surges
High-speed auto-reclosure schemes must not be employeh#i¢nt analysis studies on
the voltage show that there is a chance of switching surgguygtamn with magnitudes reaching

the design levels of the equipment.
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Time considerations

Generally speaking, regardless of series capacitor atjaits, the initial reclosing dead-
time for the three-phase reclosure methods is between @b t®econds for flierent systems
and conditions. In power system transmission lines, the tielay for reclosing usually cal-
culated by transmission line design engineers. For thipgae, stability analysis must be
considered so that the possible oscillations of the sysfean disturbances be damped, prop-
erly. Also, transient stability considerations of the systmust be covered by auto-reclosing

function.

Single-shot and multiple-shot auto-reclosing

Single-shot reclosure means either high-speed or timeyddIreclosing the breaker during
a reclosing period, only for once. the other choice for reiclg, multiple-shot, is to reclose the
circuit breaker during the considered duty cycle for moanthne time.

A typical reclosure at a line terminal may include a highespeeclosing which is not su-
pervised by either sync-check or dead-line relaying, a-illay reclosing which is supervised
by dead line voltage protection. A successful reclosingld@liow the other line terminals
close by a time-delay, supervised by sync-check protection

Generally speaking, modern high voltage and extra higlagelbreakers are able to operate
in any multiple-shot reclosure period, practically. Sorpeaal issues regarding the circuit
breaker elements including opening or closing resistarmressure of the available gas, air or
fluid, or factor of derating based on the expected fault curmaed number of fault interruptions
in a predefined time period in total can limit thiext on duty cycles or repetitive performances.

Before applying the multiple-shot reclosing, the user mmake sure there would be no
danger of system instability or other possible limitatiamsase the fault is permanent. As

an example, multiple-shot reclosing is not practical wheegeé motors or turbo-generators are
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danger of mechanical damage is probable. Also, it is morgal#s to postpone the second
reclosing shortly so that all transients of the previouso®ae are damped, properly.
Historically, single-shot reclosure of transmission $rfeas been in practice. But, later,
multiple-shot reclosure also became desirable and pedctithis is mostly due to the fact
that most of the power system substations were not undensspg/ control, traditionally.
In such substations, it is not practical by the personneketdopm the second reclosure after
one unsuccessful one. But, at substations where dispgthperformed by the personnel, an
unsuccessful single-shot reclosing may lead to a lateigeutdnich is not necessary.
However, at those locations where an employee must be disgiita delayed outage may
unnecessarily result if a single-shot reclosure is unsstae About 25% and 10% of utilities
have records of successful 2nd and 3rd reclosing functrespgectively. But at the same time,
breaker constraints and reset time of the reclosing relagstd be taken into account not to
have problems in the result of additional operations of tteakers in a predefined time du-
ration. If there is no desire for single-shot reclosure sub®to be replace by multiple-shot
methods, a considerable success may be achieved by shalesslosing schemes just by in-

creasing the time-delay.

Single-phase tripping and auto-reclosing

The diference between single-phase and three-phase reclosimgt is tsingle-phase re-
closing, tripping and reclosing is performed only to thelteed phase. In single-phase reclos-
ing, electrical power can be transfered through the nohddyphases while the faulted phase
is open. This leads to decrement is rotor-angle drift ratevéen the synchronous machines
and increases the stability margin of the system. The onlpmpaoblem is &ection of the
ground protection of the system due to circulation of thaugtbcurrents.

During fault clearance in a single-phase reclosing, duapacitive an also inductive cou-

pling of the phases, there is an induced voltage in the degezeel line. The magnitude of this
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voltage depends on the mentioned capacitance values amedottes on the transmission line’s
configuration and physical dimensions. This voltage mageathe arc to stay on for a longer
time period while the faulted line is isolated. In this cabe, arc is called the secondary arc.

The main purpose of considering the reclosing time-delé&y ggve enough time to the sec-
ondary arc to be extinguished and therefore, to avoid rewesnto-fault and arc restriking.
The amount of this time-delay, called the dead-time, is ehdsased on the system analysis.
One of the diferences between single-phase and three-phase reclobemmes is the dier-
ence in the dead-time which is considerably shorter in tpiegse reclosing.

In some cases of reclosing, the amount of the induced vottagiee secondary arc is really
huge which can make the arc extinction time very long or ewdinity. In such cases, one
practical method for decrement of the arc extinction tinte iIlompensate the line capacitances
and therefore, to reduce the amount of the induced voltapes i$ basically done using for-
legged shunt reactor, i.e., a three-phase reactor withteaheeactor. Another possible method
is to close and reopen the grounding switches installed @fetlited phase in a fast manner.

In some special power system substation designing metbges), single-phase trippifrgclosing
and three-phase trippifrgclosing are considered independent and non-relatedudm de-
signs, it is the role of the protection system ro recognizeftult type, i.e., single-phase or
multi-phase and also to introduce the faulted phase(s)eiel, three-phase tripping (with
no reclosing) are applicable when:

- There is a multi-phase fault,

- AG fault followed by an unsuccessful reclosure,

- Abnormal delay in performance of single-phase reclosas& tvhile the fault is recog-
nized as AG,

- More phases become involved in the fault while the maintéabphase is isolated.
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Blocking of auto-reclosing

There are dferent methods for blocking auto-reclosure schemes inrtresson lines and
depend mostly on the design criteria of the power system. xameples of conditions when
reclosing should or must be blocked the following two iteras be pointed:

- When there is a three-phase fault: Three-phase faults @reammon on extra high
voltage systems (345 kV and above). But when there is a thinese faults, it is not expected
to be temporary. Such faults are mostly caused by groungsstrassed after the breaker
maintenance or downed line structures. This means it istietblock a three-phase reclosure
operation if there is a three-phase fault. As temporaryetpigase faults are more likely for
transmission lines of lower voltage levels, auto-reclesask might be interesting if generation
system stability are notfiected, negatively.

- Out-of-step and power swing conditions: Auto-reclosihgudd be blocked when out-of-
step or power swing condition is detected. This is becauseraglosing can further stimulate

an system which is already disturbed.

Multiple-breaker line terminations

Regarding multi-terminal transmission lines, assumirgg tor all terminals, the stability
of the system is not disturbed by reclosing on permanent &and high-speed reclosing is
considered for all terminals, It is possible to apply higiead reclosing. Generally speaking,
it is easier to apply high-speed reclosing to a two-termiinalthan a multi-terminal one as at
least a shorter dead-time will be required.

When applying reclosing to a multi-terminal line, the pitetaying channel has to be con-
sidered. Also, relays must be set for each of the terminalstoh for all possible faults at that
spot. This leads to more accurate performance as all telsran@being taken care all together.
However, it could be more interesting to perform high-spestbsing at one of the terminals

and monitor other terminals for permanent fault detection.
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Sometimes, it is practical to connect the line ends to maaia thne circuit breakers when
dealing with extra high voltage systems. Breaker-andig-thauble-breaker and ring-bus con-
figurations are some examples for this purpose. For thedldtance in such circuit arrange-
ments, more than a breaker needs to be tripped.

However, applying the reclosure task to all breakers atdhgestime can lead to more fault
duties. This means, the preference is to perform the linenteby applying reclosure to just
one of the breakers and then move to the rest in case of sucld@isscan be double-checked
using sync-check and also by monitoring of the voltage. Swnee the first reclosing is con-

sidered as high-speed.

Sync-check

Sync-check or synchronism-check is employed for supemisf electrical connecting two
parts of a system which are connected through ties in pavaille the path being closed [5].
Sync-check determines if the voltages of two side of theudiroreaker are closed enough,
and the frequency fterence (slip) and the phase angl&eatience between them is within a
acceptable limit for a specific time interval. If the condlitiis not desirable, closing the circuit
breaker might have a harmfuffect on equipment such as circuit breakers and shafts of-turbo
generators, and might als@fect stability of the system as well. The setting of a syncekhe
relay is performed to prevent reclosure when reclosing ulinekeling/live-bus conditions will
harmfully afect system operation and equipment.

Sync-check protection devices react to three main featetated to the voltage phasors on
either side of the open breaker including magnitudiedence, and phase angléfdrence and
slip. In some protection devices, specially microprocesssed technologies, settings limita-
tion can independently be applied to each of the charatitarisin other protection devices,
specially old electromechanical designs, the charatitesiare dependent so that separate lim-

itations can not be applied. characteristics.
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Studies show that thefect of the reclosure is lower than closure into a fault for st
of limits of sync-check angle employed by utilities and #fere, is not of concern. But, when
taking into account the possibl#&ects on turbo-generator systems, it is desired to assess the
effect related to deliberate reclosure in &elient manner than theéfect of unavoidable faults.
The critical trade-f is to balance the possibldfect related to the reclosure under violated
system conditions versus the possikfieet on reliable operation of the system if reclosing is

prevented by the sync-check setting.

In case the angle fierence of two sides of the breaker is not in the sync-checledingjt,
initially, it can be possible that the angle limit will be sdied and met in a short time as a
results of changes to the system structure, e.qg., reclosuther transmission lines after a
considerable system disturbance or changes in generasipatch. Logical circuit might dis-
able the auto-reclosure task in case appropriate autos@@ conditions are not met during a
predetermined time interval. The other possibility is ttie logic might wait for acceptable
conditions to be met, indefinitely. Both methods have benefiid drawbacks. Limiting the
time interval in which a live-lindive-bus reclosing attempt is permitted will avoid havitg t
reclosing attempt performs in future in a potentially unddgsde and unpredictable way. But,
this operation extends restoration of the system. The tiparaf indefinitely waiting will be
beneficial for decrement of the restoration time after a mdigturbance by permitting reclo-
sure as soon as possible which is when the acceptable anslékist. But, the unexpected
breaker closing during system restoration may disturb #reetation and load balance. This
can lead to extend restoration time and subsequent outdfe=n this operation is employed,
it has to be based on analysis of the potential conditionse$ystem for which auto-reclosing
may happen for the purpose of managing the risk to systenpegant and reliability. Regard-
less of which operation is employed, operators of the systenrequired to know how their
system is designed and need to be trained adequately torang dusystem-wide outage event

in an appropriate manner.
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Leader-follower auto-reclosing of transmission lines

The leader-follower auto-reclosure method is common p@adh auto-reclosing in trans-
mission lines. Definition of the leader is the terminal ofline which performs auto-reclosing,
first, and the follower is the terminal of the line which perfs the reclosing, second. This is
a different concept from the concept of lead-follow terminologypéoyed for description of
different breakers of a multi-breaker terminal.

In leader-follower scheme, the weaker source of the two efids transmission line is
usually chosen as the leader end and is employed for testitigedine. This practice is
employed to verify the fault clearance when imposing theimum amount of disturbances to
generation. But, it must be considered that the systennteBom the weaker end might lead
to a larger drop of voltage and also disturb critical loadsuto-reclose attempt at the leader
end is successful, auto-reclose attempt of the followenemidh is supervised by sync-check
andor voltage functions, is then enabled and auto-reclosipgirmed. This technique may
be employed for restoration of either a tie line between tygiesns or a network line section.

A network line, i.e., aline at which the terminals are prdp&ed together by other parallel
lines, might employ just the voltage presence for initiatddauto-reclosure task while there are
adequate other network connections so that tifer@ince of the voltage phase angles across the
open breaker is small. A tie line, i.e., a line where thererarether parallel lines connecting
the system tightly together, usually needs a sync-cheely tel be applied so that the voltage
phase-angle flierence across the breaker lies in appropriate ranges.

Auto-reclosing tasks in EHV systems are basically the saagardless of application of
series capacitors. But, overvoltage protection might Imsicered as well in case the voltage of
the follower terminal is too high to allow a safe auto-redi@soperation. In such conditions, a

transfer trip of the line’s leader terminal will be activdiey the overvoltage protection system.



Chapter 3

Modeling and Behavior Analysis During

Single-phase Reclosing

In this Chapter, at first, modeling process of the studiedgyaystem is explained and then,
behavior of the modeled system during single-phase rexasianalyzed. In the following, a

power system including a transmission line is modeled uBIBGAD and the appropriate re-
sults are loaded to Matlab for more analysis. These res@tssed for performance evaluation

of the proposed reclosing methods.

The main aim of the performed power system analysis in thagp@ is to propose methods
to discriminate permanent and temporary faults based omehavior of the faulted phase
voltage after single-phase opening of the circuit breakeéos this purpose, at first, behavior of
a simple three-phase transposed transmission line witautt reactor is analyzed and then,
the analysis is extended to more general cases. In this, @ol®e simplifications have been
made. As an example, resistances and inductances of equipseell as source impedances
of both ends are ignored as they are negligible compareaécchupling impedances among

three phases [2].

54
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3.1 Modeling of the Studied System

3.1.1 Power system modeling

In this study, PSCAD is employed for modeling a typical Bd@ower system in which con-
figuration of towers is set as horizontal. Single-line dagrof the network under study is
shown in Figure 3.1. In this study, voltage sources are daemnsd as 1.02 p.ul\s| = 51V)
and/Vs = 21 Degrees for Side A and 1.0 p.iWW{ = 50kV) and /Vs = 0 Degrees for Side B.
Length of the line is also 320 km while source impedances laosen as 0.175 p.u. and 0.12
p.u. for the right and left voltage sources, respectively.

For the purpose of modeling of the transmission line, thejlkeacy Dependent (Phase)
model developed by Jose Martiis used [75]. In PSCAD two trassion line frequency depen-
dent models areftered, namely the Frequency Dependent (Mode) model and dggi€&ncy
Dependent (Phase) model. Itis recommended by PSCAD Usarge@hat for all new studies
involving cables or transmission lines, the Frequency Ddpat (Phase) model be employed.
This model was specifically added to PSCAD to replace theuarcy Dependent (Mode)
model. The Frequency Dependent (Phase) model can repaasetitpe of transmission sys-
tem including aeriginderground and symmetri¢casymmetrical, and is more stable and more
accurate than Mode model [76].

The reason for choosing a 300 transmission line for modeling and simulation is that it
is the highest voltage level in Canada at which single-pheslesing is applicable [66]-[70].
The parameters of the system are also chosen as typicakviausuch transmission lines.
However, the developed methods in Chapters 4 and 5 are nehdept on system parameters,
including voltage level, because of the normalization aheriing of the information consid-
ered in the structures of the methods. The performanceseadi¢lieloped methods are also
verified using a real case study, a temporary fault case i®&Va@ransmission Ine where the

solidity of the methods is shown.
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In order to perform a better behavior analysis, a power systéh three diferent topolo-
gies of transmission lines, including ideally-transpqsedransposed and partially-transposed
is used for simulation study and various permanent or teswt$aults inserted at proper loca-
tions. For the cases of ideally-transposed and untrandpioss, the line is divided into three
parts as two 30% parts at the sides and one 40% part at theani@iderefore, the fault oc-
currence at 0%, 30%, 70% and 100% distances from one side dfsthsmission line can be
simulated.

For partially-transposed transmission line cases, theipo®f each conductor arior line
configuration is changed during the study. In other words lithe is divided into three parts
with configurations of 'a-b-c’, 'c-a-b’, 'b-c-a’, which caist 50%, 30% and 20% of the line
length, respectively. With this selection, the entire lis@ot transposed 100% and therefore,
partially-transposed line is modeled. In the partialgrsposed cases, the fault can occur at
both end and middle of each line section. Therefore, fadtoence at 0%, 25%, 50%, 65%,
80%, 90% and 100% of the line from Side A is considered for &wn. It should be noted
that in the "a-b-c’ horizontal configuration of towers, ')’ and 'c’ conductors are the left,
the middle and the right conductors, respectively. Impuargaof the partially-transposed case
is because in practice, it is not always possible to perfdd0?4 transposition for transmission
lines, mostly due to technical limitations.

For the purpose of performance evaluation of the proposeldsiag methods for shunt
reactor compensated cases, a shunt reactor at each endavithrée-phase reactive power
of 1587 MVar are employed. Considering/R ratio of 50, each reactor has been modeled
asZ = (315 + j15753) Q. Neutral reactor is also represented by series combinafi@n
single-phase reactance and a resistance.

For the purpose of minimizing the secondary arc currentconemon practice is to choose
a proper value for the neutral reactance, called optimuntralereactor. Using a method ex-

plained in references [2, 27, 28, 83, 84] for this purpose dptimum neutral reactor value is
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Figure 3.1: Single-line diagram of the modeled power system

calculated as$, = 260Q. Employing two similar shunt reactors at both line ends, @ 82
(= 2 x 260Q) reactor is used for their neutrals. In cases the optimuntralexeactor is not
available, a larggsmaller reactor will be employed. In this study, neutratteaimpedances
equal toZs*%® = (14+ j700)2, ZP"™™ = (10.2+ j5108)Q andZS™!! = (6 + j300X2 are used
to cover possible larger, optimum and smaller reactancesaictice, respectively. Similar to

the shunt reactorg{/R ratios of all neutral reactors are assumed as 50 as well.

Also, for the cases of permanent faults, typical fault tasise values of ©, 10Q and 100
Q are selected for various faulted cases. For performandeatian of the proposed method in

presence of CVT transients, Lucas capacitive voltage foamer (CVT) model is used [85].

The modeled system in PSCAD with more details can be obsénvéigures 3.2 and 3.3.
As observed in Figure 3.2, the line is divided into threeisestnamely TLinel, TLine2 and
TLine3 consisting 30%, 40% and 30% of the line, respectivalgere are two four-legged
shunt reactors connected to buses BusS and BusR for thegeuopshunt compensation. For

uncompensated line cases, these shunt reactors must lbedgno

There is also a single-phase-to-ground fault applied to sadmploying a single-phase
breaker, called BreakerF. Therefore, modeling of fauluo@nce at 30% distance from Side

A is shown in Figure 3.2. By applying similar faults at otheisbs of the system, it is possible
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to simulate fault occurrence atftérent locations of the transmission line. In the performed
simulations, a constant value for the fault resistaRgejs used for the permanent fault cases.
For the cases of temporary fault, the valudpf which now is a current-controlled resistor, is
determined by the arc model to be explained in Subsectiof.3At the moment of fault incep-
tion, the fault breaker closes and the arc resistor whichehasy small value at that moment
becomes energized which leads to a huge fault current. Hawas the time passes, the arc
resistance increases and therefore, the fault curreneases until becomes very small (less

than 2A according to the standard [86]). At this moment, the arc rsatered as extinguished.

The circuit breakers used at the left and right hand sideetiftuit have the capability of
both three-phase and single-phase operation. Theretosegpassible to perform appropriate
operations for permanent and temporary fault cases, imgdusingle-phase opening, single-
phase reclosing and three-phase opening. The blocks simotle top-left side of the Figure
3.2 are models of CT and CVT used for the measurement purpAsése bottom of CT and
CVT blocks, anti-aliasing filtering blocks are observedeToltage and current data provided

during simulations are recorded using Comtrade 91 codistery[87].

There is a similar scenario about the circuit shown in FigdiBin which the partially-
transposed transmission line is modeled. The orffgBnce is combination of portions of the
line which are 50%, 30% and 20%. Therefore, the fault ocameet 0%, 25%, 50%, 65%, 80
%, 90% and 100% distance of the line from Side A can be coreider
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Figure 3.2: Single-line diagram of a power system with idedy-transposed and untrans-
posed transmission lines simulated in PSCAD.
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3.1.2 Arc modeling

For the purpose of studying the reclosing in transmissiogglj it is necessary to consider the
arcing nature of the temporary faults. Based on their featelectrical arcs can be categorized
into two groups, namely primary and secondary. A primaryleppens as the line insulator
string flashes over which is caused by reasons such as Ingjstiike. However, a secondary
arc, which is a more complicated phenomenon, appears fioliptihe primary arc while the
faulted phase is isolated due to breaker opening. For méweniation about electric arcs in
power systems see references [83]-[96].

There are few methods proposed for modeling of the secorataryln 1931, as the very
first attempt, Warrington introduced his empirical formiéibet arc modeling [97]. For this
purpose, he applied flierent voltage values across two electrodes wiffedent distances and
provided some test results. In his work, having assumedistikesnature for electrical arc,
he considered the relation between arc voltage and cursef8.4) wherdJ, andE, are arc
voltage and arc voltage gradient, respectivelis the length of the arc whilkeis the arc current.
Parameter& andn are defined using the test results. The assumption of resrsture for arc
was based on the fact that the arc voltages and the arc cuvwerg in phase for each and every
of the test results. In [98]-[108] Terzija modified Warringts empirical formula considering
some assumptions, e.g., Warrington’s measurement deveesnot accurate enough and the
arc length changes during the arc life. Terzija enhancefotineula by considering thefiect

of Gaussian noise.

U, = EoL = (K/IML (3.1)

The most accurate method for modeling secondary arc is pegploy Kizilcay. He presents

a thermal model for secondary arc as (3.2) whfeis the conductance of the arc,s the
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arc time constant is the stationary arc conductancg, is the arc currentO is the charac-
teristic voltage of the ara, is the characteristic resistance of the arc per arc lehgths the

instantaneous length of arc ahis the time variable [89]-[92].

dgarc/dt =1/7x (G - garc)

s (3.2)

 (uo+rliarcDllarc

Parametersp andr can be obtained based on measurements. For primaryraaosl| .
are constant and equal to their initial valugsndly, respectively, while they change by time
for secondary arcs. The time constant of the secondary gnoortional to the arc length,

inversely, as defined in (3.3).

7 =170 X (larc/l0)” (3.3)

In (3.3),7¢ andlg are the initial time constant and length of the arc whilis a codficient
in the range of 0.1 to 0.6. The length of the primary arc, whsctie length of the flash-over,
is assumed to be 10% longer than the length of the line irmslatring [92]. The length of
the secondary arc varies by time and ifetient for diferent wind speeds. For relatively slow
winds (slower than 1 y8), the change of arc length is as (3.4) wHe(te) is the time-dependent
length of the secondary arc with initial valuel®fandt; is the time duration starting from the

secondary arc initiation [86].

lt)/lo = 1,1 < 0.1

ls(t)/lo = 10k, t; > 0.1 (3.4)
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Table 3.1: Modeled Arc Parametrs.

Arc number| 7o (MS) | 1o (M) | up (v/cm)
1 0.714 | 3.5 12
2 0.555 | 3.15 8
3 0.833 | 35 11

In this study, secondary arc is modeled in PSCAD based on tduehdeveloped by Kizil-
cay using equations (3.2)-(3.4) [89]. For this purpose,ateresistor shown as a block in
Figure 3.1 is considered as a current-controlled resisthrs means the value of the arc re-
sistor at each moment is considered to be in a non-lineatarlavith the arc current at that
moment. In should be noted that this relation is neither ation nor one-to-one as the history
of the arc and the initial conditions have the major rolehmarc behavior. In the performed
research study, threeftBrent sets of arc parameters available in Table 3.1 are getgblior
providing needed arc characteristics using [96]. In Table I3 and o are the arc’s initial

length and time constant, whilg is the characteristic voltage of the arc.

The detailed model of the arc used for simulation in PSCAD@M in Figure 3.4. For a
better understanding of the arc model, it is easier to movemMerse direction, i.e., to start from
the outputRr and reach the inpuf... In Figure 3.4, variablgsy., the instantaneous value of
the arc conductivity is obtained by going back one step frompwtR: simply after a reversing
operation. Going one more step back leads to a variable éguglx dgy/dt to be named
VRBL. This is because the passed element of the circuit is anrattgnith codficient value
of 1/71o. Using (3.2) VRBL equals toG — ga.c) X (to/7) and this can be confirmed in Figure 3.4
asVRBL is the result of division of two variabledUM andDNUM. However,NUM itself
equals toPOS minusNEG which are equal tdigcl/[(Ug + rliac))llarcl] @and gare, respectively,
using Figure 3.4. This means the valueNd M exactly equal& — goc according to (3.2). At
the other handDNUM equals to [:c/lo])* which is exactlyr/7o using (3.3). Therefore, the
termVRBL = (G — ga¢) X (10/7) Is verified asvRBL = NUM/DNUM.
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3.1.3 Protective relay modeling

A fourth order low-pass butter-worth anti-aliasing filteithvcut of frequency of 1536 Hz is
used for filtering the outputs of the three-phase CVT modEhe sampling rate for recording
the PSCAD results is also 20 kHz. The recorded data is impaot®latiab and decimated to
the sampling rate of 3840 Hz. Three phase voltages are pdssedh a CVT transient filter
proposed in [116] to obtain smoother waveforms for the phafiages.

For the purpose of phasor estimation of the waveforms, thictuvoltage and current wave-
forms, Cosine algorithm is used [130]. It must be noted th#téory, digital Fourier transform
filter, DFT, is the main filter to be used for phasor estimatiBut, the output of this filter is a
combination of two dierent filters, called Sine and Cosine filters. However, itlcarshown
that for systems with slow changes such as electric poweersyshe output of the Sine fil-
ter can be approximated by the output of the Cosine filterygeldoy one quarter of a power
system cycle length. Therefore, it is a common practice mgrosystem measurement and
relaying to use Cosine filter, instead of DFT. Protectionspaithe system is also considered
as 716 of a cycle. Therefore, the protection algorithm is perfed every 4 samples as each

power system cycle consists of 64 samples of data.
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Figure 3.4: Details of the arc model simulated in PSCAD.
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3.2 Behavior Analysis of the System During Single-Phase Re-

closing

3.2.1 Transposed line

Absence of shunt reactor

After single-phase opening of the circuit breaker in a tnaigsion line, the secondary arc cur-
rent is fed due to capacitive and inductive coupling witheogbhases. Figure 3.5 (a) shows the
capacitive coupling circuit for a transposed line withdotist reactor. The simplified version
of the circuit is also shown in Figure 3.5 (b). In this figuEg, (x is h, k or s) is the average
of phase x voltages at both line ends (sending and receividg)elt should be noted that this
simplification approach is common in secondary arc anabsigresented in [21] and is only
employed to derive the proposed adaptive reclosing metiviile accurate simulations are

performed to verify the performances of the proposed teples.

The inductive component of induced voltage to the faultesispldepends on load currents
in healthy phases as well as mutual inductive couplings éetvhealthy and faulted phases
[22]. The inductive component could be modeled as an impaelanseries with the equiv-
alent voltage source, i.eEs, shown in Figure 3.5 (b). But, it is negligible and consisten
considering the fact that the healthy line load currents alochange considerably after line

isolation. Therefore, the inductive component is ignoredli the analyses in this Section.
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Figure 3.5: (a) Equivalent circuit of a transposed line without shunt reactor in case of
single-phase reclosing of phass (b) rearranged circuit.

As per equivalent circuit shown in Figure 3.5, immediateftgmisolation of the faulted

phase, the phase voltayecan be estimated as (3.5).

S

_ Rarcll(7265) En+ Ek) 35)
Radl(zs) + Toze ey '

whereVs is the faulted phase voltage measured by the line protectiays; Ry is the

arc resistanceC, is zero sequence capacitance of transmission {hds positive sequence

capacitance of transmission lini& is the source voltage of the healthy phase (average of both

ends);Ey is the source voltage of the healthy phase (average of batk)an is the angular

velocity; | is the complex operand amficstands for the impedance parallel operand.
Immediately after operation of the circuit breakers of biaie ends, the arc resistance

is still small as compared to the line shunt capacitive ingpee. Therefore, (3.5) can be

approximated to (3.6). According to (3.6), in case of lowistage faults, the magnitude ofs

is very small and the angle & leads Ey, + Ex) by 90 degrees. This condition remains if there



68 CaapTER 3. MODELING AND BEHAVIOR ANALYSIS DURING SINGLE-PHASE RECLOSING

is a permanent fault. However, for the case of a temporaiy, fRy. would increase, ideally
to infinity as the arc extinguishes. In this case, (3.5) caaddapproximated as (3.7). For a
typical transmission lineC; is about 1.5 times o€, [83]. As a result|Vg would be about
12.5% of (E, + Ey) if arc is extinguished. In this cas¥; would be in phase withH, + Ey) if

arc resistance increases, considerably.

Vs = jwBRad(Cr - Co) (B5%) (3.6)

H 1 1
if Rare << o andRy ¢ << ICicy

_ 2(C1-Co) (En+Ex) ; 1
VS = ﬁ (%) if Rarc >> ToCo (37)

To perform a better comparison, it is proper to deffag i.e., normalized/s, as per (3.8).
Magnitude and angle ofg, versusR, are shown in Figure 3.6 for the case of transmission
line without shunt reactor . As depicted, in case of a permefaelt whereR, . remains small
even after circuit beaker interruptiofVg,| will be close to zero whileVg, is almost 90. In
case of atemporary fault whelRg . reaches a large valu®,g could reach a value about 526
depending on line positive and zero sequence capacitaRoesuch large values of arc resis-
tor, /Vg, drops to zero. This can be confirmed using (3.7). In addifemtemporary faults, as
shown in Figure 3.6, both magnitude and angl¥ gfchange rapidly almostin a linear manner
versus arc resistance i, is below a certain value (knee point in 3.6), e.g., about(®00
this case. For arc resistance values above this numbemiaghitude and angle &, change

considerably slowly until they settle down.
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Figure 3.6: Normalized (a) magnitude and (b) phase angle ofhe faulted phase voltage.

Ve = Vs/(En + Ex) (3.8)

Regarding the above phasor analysis, it must be considea¢dhis analysis is been used
only for obtaining the ideas and explanation of the devadogencepts. In Chapters 4 and 5,
the methods are developed and evaluated not using phadgsianaut transient simulation
results. However, there are two points regarding the uglidi the phasor analysis for idea
development that must be indicated. The first point is th#ténanalysis of this Section, only
two states of the system are known for us, which are pre-fandtpost-fault-clearance system
states. For obtaining the exact process in which the powsesymoves from pre-fault state
to post-fault-clearance state, a transient analysis naipebformed. But, the results obtained
from the phasor analysis can be used as initial and final tondi Also, considering the fact
that the main interest of the performed research study isspeystem protection, only the
fundamental frequency components of the voltageent variables are of interest. Therefore,

results obtained from the phasor-analysis are valid faglsiphase reclosing applications.

Presence of shunt reactor

In case of ideally-transposed transmission lines wheratgi@actors are required, use of four-
legged shunt reactors is a common practice in industry td time secondary arc current for

faster and more successful single-phase reclosing scl#m21]. The value of neutral reactor
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can be selected as recommended in [2, 27, 28, 83, 84]. Eaquivaircuit of a transposed
transmission line with four-legged shunt reactor is showfigure 3.7. As shown in Figure
3.7 (b), there is an inductive branch appeared in parallél thie capacitive branch. These two
inductive and capacitive branches would cancel out eaddr dtthe neutral reactor is selected
in such a way that parallel branches resonate. Howevergasattmpensation is not 100% in
practice due to possible errors in line parameter estimatia@ other limitations discussed in
[62], eventually the equivalent circuit of the parallel bches would be either a large inductor
or a small capacitor. Therefore, share of the arc resistioce the feeding voltage, i.e.,

(En + Ex), is even less than the case without shunt reactor, thusyth&ould be extinguished

faster.

-
-HO—
En
S Sw il 11 :
= Rue LITC TIT [
(C1-Co) Ln
(@) ,
L,"+3L;L,
2L,
Y Y Y

(C1-Co)x2/3

| |

—e/c | |
+

Es @ VsQRae —=Co Q1 ,+3L, (En+EQ)/2

vh

(b)

Figure 3.7: (a) Equivalent circuit of a transposed transmision line with four-legged shunt
reactor, (b) simplified circuit.
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In this case, the measured voltage by the line protecti@ysetan be estimated as (3.9).
Similar to the approach adopted earlier, immediately affesration of the circuit breakers of
both line ends when arc resistance is small, (3.9) can bmaistd by (3.10). According to
(3.10), there is a linear relation betweffs and R, in case of small arc resistances. Also,
the faulted phase voltage would either lead or lag the etgnvaoltage sourceH, + Ey) by
90° depending on capacitive or inductive naturexofvhere X is the equivalent reactance of
the parallel branch. This would stay the case for permaraaiitsfas fault resistance remains
small. However, for temporary faults, the arc resistanceld/imcrease to a considerably large
value. So, (3.9) could be estimated by (3.11) for such cd$sisg (3.11)|V g still is a factor of
(En + Ex) although the factor is most probably smaller than the onemsposed lines without
shunt reactor. This is the case sin€es typically a large value especially for cases at which
the neutral reactor is chosen properly/s also depends on capacitive or inductive nature of
nominator and denominator of (3.11). However, as both timeinator and the denominator are
imaginary reactances, (3.11) would have either a positivemegative real value. Therefore,

Vs would be either in phase or out of phase wiy ¢ Ey).

~ Rarcll(w%o)ll(jw(L1+3Ln)) E, + E
" Rardll(Z)lI(jew(Ly +3La) + X 2

jw

) (3.9)

S

It should be noted that the case of transmission line congtedgy shunt reactors with
grounded neutrals is excluded in this research projects iBhilue to long arc extinction time
for this case. Therefore, single-phase reclosing is namesended and is not practical in such

conditions [2].
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Vs = %(_Ehfk) (3.10)

If Ryre << Jw%o andRa ¢ << jw(L1 + 3L,)

(=)I(jw(La+3Ly))
v, = BT s 311)

If Ryre >> Jw%o , Rare >> jw(L1 + 3L,)

and < lljw(La + 3La) << jX

3.2.2 Untransposed line
Absence of shunt reactor

The equivalent circuit of an untransposed transmissiawithout shunt reactor is shown in
Figure 3.8-(a). Simplified version of this circuit is alsamsm in Figure 3.8-(b). Based on the

circuit shown in Figure 3.8-(b), faulted phase voltage widu# obtained as (3.12).

Rarell(555) CoEn + CEy

= 1 1
RaJ’CH(ja)Csn) + jo(Cen+Cx) CSh * CSk

S

(3.12)

Comparing (3.5) and (3.12Y,sin both cases depends By in similar ways and using (7),
it could be shown that voltage profiles similar to Figure Gapwould be obtained. The only
difference is that there would be a phase shift because of nesptraition. In other words,
En andEy would have diferent participations to the equivalent voltage sourcedalt$ on the

side wire a4, andCy have diferent values.
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Presence of shunt reactor

Equivalent circuits of the untransposed line and the siimepliversion of it in presence of four-
legged shunt reactor are shown in Figure 3.9. Using Figl9€a@, the faulted phase voltage
would be as (3.13).

__ Rudl(aeilloa +3L)
" Racl(GE) (@l +3L0) + Xeq

(3.13)

S

where Xy andEg are Thevenin equivalent reactance and source of the grageeditcre-

spectively.

I
SW + (Csh+Csk)
Es @ Vs @ Rarc — Cqn (CshEh+C3kEk)
+|S (Csh+Csk)

(b)

Figure 3.8: (a) Equivalent circuit of an untransposed trangnission line without shunt
reactor, (b) simplified circuit.
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Figure 3.9: (a) Equivalent circuit of an untransposed transnission line with four-legged
shunt reactor, (b) rearranged circuit, (c) simplified circuit.

Comparing (3.12) and (3.13) shows a g
voltage on the arc resistance. In other wor

manner in both cases while arc resistance

close to Figure 3.6, is expected for this case as well. Agamilar to Subsection 3.2.1 for the

untransposed line without shunt reactors, there would b&€@rent phase tierence between

the voltages which is due to un-transpositio

reat similarity in deleace of the faulted phase
ds, amplitudaéefbltage increases in a similar

is increasingrefidre, a similar voltage pattern,

n.
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3.3 Summary

In this Section, at first modeling process of the studiedesystincluding the power system,
electric arc and the protection relay was explained. Ttemas shown that the general behav-
ior of the faulted phase voltage is somehow the same for afigarations of power systems.
In other words, when single-phase fault happens, voltagbeofaulted point drops to rather
small values. This could remain the case if the fault is p@en& However, in case of tem-
porary faults, arc resistance starts increasing afteritiggesphase isolation of the line. This
would lead to increment of the faulted phase voltage to aiderable percentage of the rated
voltage once the arc is extinguished. This pattern of thikddyphase voltage magnitude and

angle behavior is the base for developing the proposed mgihdhis research study.



Chapter 4

Fault Type Recognition and Arc

Extinction Detection

In this Chapter, the voltage magnitude and phase anglerpsitté the faulted phase voltage
after the line single-phase isolation are analyzed to perfadaptive single-phase reclosing.
For this purpose, two reclosing methods are proposed. Ifir§tgoroposed adaptive single-
phase reclosing method to be called the angle-based metimghase angle of the faulted
phase voltage is used for both fault type identification, permanent or temporary, and for
arc extinction detection in case the fault type is identitesdtemporary. In the second pro-
posed reclosing method to be called the phasor-based méiiedi st derivation of the faulted

phase voltage magnitude is used for the fault type recagmitihile the combination of first

derivation of angle and magnitude of the faulted phase gelia used to quickly detect the
arc extinction for the temporary fault cases. Both propasethod are fective for shunt

compensated and uncompensated lines and for ideallypwaad, untransposed and partially-

transposed transmission lines.

76
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4.1 Fundamentals of the Reclosing Methods

In this Section, several simulated case studies are engblmyeerify the expected behavior
of the faulted phase voltage after the line single-phadatiso, derived in the Chapter 3. For
this purpose, permanent and temporary faults have beerdatedwand related waveforms are
presented. Voltage and current waveforms of the electesgfaults for six diferent temporary
fault cases are shown in Figures 4.1 to 4.6. For the all sitionis, the single-phase-to-ground
fault inception time is 0.2s. The line single-phase isolatimes are also 0.27s and 0.28s for

Sides A and B, respectively. Therefore, the faulted phaserspletely isolated after0.28s.

0.3 0.4 0.5 0.6
Time (s)

Figure 4.1: Electric arc voltage and current for the case of demporary fault in an ideally-
transposed transmission line, in absence of shunt reacto(p) is zoomed in (c).
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@
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Figure 4.2: Electric arc voltage and current for the case of demporary fault in an ideally-
transposed transmission line, in presence of shunt reactp(b) is zoomed in (c).
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Figure 4.3: Electric arc voltage and current for the case of aemporary fault in an un-
transposed transmission line, in absence of shunt reacto(p) is zoomed in (c).



4.1. RUNDAMENTALS OF THE RECLOSING METHODS 79
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Figure 4.4: Electric arc voltage and current for the case of aemporary fault in an un-
transposed transmission line, in presence of shunt reactp(b) is zoomed in (c).

0.3 0.4 0.5 0.6
Time (s)

Figure 4.5: Electric arc voltage and current for the case of atemporary fault in a
partially-transposed transmission line, in absence of shut reactor; (b) is zoomed in (c).
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0.3 0.4 0.5 0.6
Time (s)

Figure 4.6: Electric arc voltage and current for the case of atemporary fault in a
partially-transposed transmission line, in presence of simt reactor; (b) is zoomed in (c).

4.1.1 Angle-based analysis

The faulted voltage phase angethe phase dierence between the faulted phase voltage and
summation of the voltages of the non-faulted phases, asedkiin(4.1), plays a major role in
the angle-based reclosing method. In (4\4)= Vp, Vk = V; andVs = V, in case of AG fault.
The negative signs in (4.1) are used to assign the pre-falulevof zero fow and therefore, to
avoid¢ values jumping from-180 to 18® as much as possible. As the phase angle measured
by Cosine algorithm is rotatory, a reference is needed ierotal utilize the phase angle for
the proposed application. Considering the fact that thglsiphase-to-ground fault is the only
interest of this research study, summation of voltage pisagfadhe non-faulted phases has been
chosen as a reference according to (4.1). This assump8orsatures the proposed algorithm
against power system dynamics after line single-phasatisal since any system oscillation
appears almost equally in all three phase. Selection ofr¢ffiésence eliminates thdfect of

angle variations due to system dynamics while it maintanesftect of arc extinction.
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6 = £[-Vs/(Vh + VY)] (4.1)

Variabledmean, the mean value of the phase angjl@ver the last power system cycle at each
time spot is the main variable employed in the angle-basdtdadeproposed in this research.
By averaging, the phase angle waveform becomes as smootbsable which makes the

decision makings more reliable and more accurate.

Ideally-transposed line

Simulation results of two permanent fault cases in an igidadinsposed line are shown in
Figures 4.7 and 4.8. In both simulated cases, the faultteesis is equal to © and the fault
occurs at 30% distance of the sending side, i.e., Side A.Heocase shown in Figure 4.7, the
line is not compensated while shunt compensation is usetiéacase of Figure 4.8.

As observed, in the both caség., is around zero prior to the breakers’ single-phase
opening att = 0.27s. This means the faulted phase and summation of the twdanited
phase voltages (with negative sign) are still in phase. Bet aingle-phase isolation of the
faulted line,dmean iNCreases and after some transients finally settles dowrvalua around
90 to be called the-first-lock-angle, slightly after the sexglhase isolation of the line. This
matches with what predicted in Section 3.2.

In Figures 4.9 and 4.10 two temporary fault simulated casesiideally-transposed line
without and with shunt compensation are shown, respegtivel both cases, the temporary
fault happens at 30% distance from the sending side. Aswédein both cases the variable
Omean 1S Z€ro before the fault inception and slightly after theslisolation jumps to the-first-
lock-angle which is around 90 This is similar to the previously explained permanenttfaul
cases of Figures 4.7 and 4.8. Variablg,, stays around the-first-lock-angle for a short period

of time which is because the arc resistor has a very smalkvadjnt after the single-phase
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isolation of the line. However, as the arc extinguishes hratc resistor increases to very large
values,omean iNCreases to another value around 18Dbe called the-second-lock-angle. This
meanSimean turns almost out-of-phase respect to the equivalent velsagirce of the faulted
phase after the arc extinction. In other word, an antergporary fault is initially very similar

to a permanent fault when the arc resistor has a small valesvekker, as the arc resistance
increases, the fference between two fault types become more clear. This wagatdicted
precisely in Section 3.2. Theft&rence between the compensated and the non-compensated
cases is that there are some oscillations after the arccéigtinat around = 0.65s for the
compensated case. These oscillations which happen betiweeunt reactors and the line

capacitors do not exist for the un-compensated cases.
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Figure 4.7: (a) dmean for the case of a permanent fault in an ideally-transposed tansmis-
sion line, in absence of shunt reactor; (a) is zoomed in (b) ah(c).
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Figure 4.8: (a) 6mean fOr the case of a permanent fault in an ideally-transposed @nsmis-
sion line, in presence of shunt reactor; (a) is zoomed in (b)rad (c).
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Figure 4.9: (@) 6mean foOr the case of a temporary fault in an ideally-transposed tansmis-
sion line, in absence of shunt reactor; (a) is zoomed in (b) ah(c).
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Figure 4.10: (a)dmean for the case of a temporary fault in an ideally-transposed tansmis-
sion line, in presence of shunt reactor; (a) is zoomed in (b)rad (c).

Comparing the simulation results, it is confirmed that théndéference between the per-
manent and temporary fault cases is in the final valug.gf, variable after the arc extinction.
In fact, as predicted in Section 3.2, for both permanent angborary fault casesyean vVariable
has values around 90ight after the line isolation. But, as the arc becomes extished for
temporary fault cases,., increases toward a number around °180d settles dowresonates
around it while stays around 9@or the cases of permanent faults. This means, shortly after

the line isolationdnen Moves ideally 90 more degrees for temporary fault cases.

Untransposed line

Omean Waveforms for two permanent fault cases in an untransposedite shown in Figures
4.11 and 4.12. In both simulated cases, the fault resistanegqual to 1Q and happens at

30% distance of the sending side, i.e., Side A. For the camersin Figure 4.11 the line is
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not compensated while shunt compensation is used for tleeafdsigure 4.11. As observed,
in both case$men IS around zero prior to the breaker opening at@.27s. Similar to ideally-
transposed line cases, this means the faulted phase andasiemof the two non-faulted phase
voltages (with negative sign) are still in phase. But after single-phase isolation of the line,
dmean INCreases and after some transients, finally settles dosemdrthe-first-lock-angle equal
to 75 which is diferent from the-first-lock-angle associated with the ideatinsposed line
cases. This diierence in the phase angle value after the single-phaseidsot the line is
because of the flierence in phase angle of the equivalent voltage sourcedémerarc, which

itself is due to the asymmetry in the values of the couplingacéors in untransposed lines.
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Figure 4.11: (a)dmean for the case of a permanent fault in an untransposed transmson
line, in absence of shunt reactor; (a) is zoomed in (b) and (c)
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Figure 4.12: (a)dmean for the case of a permanent fault in an untransposed transmison
line, in presence of shunt reactor; (a) is zoomed in (b) and §c
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Figure 4.13: (a)dmean fOr the case of a temporary fault in an untransposed transmision
line, in absence of shunt reactor; (a) is zoomed in (b) and (c)
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Similar to what discussed for the ideally-transposed casastransposed line cases also,
the phase angle has similar behaviors right after the lwlati®n for permanent and temporary
faults. In fact, in untransposed lines, variablg,, is around 90 right after the line isolation.

But this variable starts increasing slightly after the lis@lation as the arc is becoming extin-
guished. This can be seen in Figures 4.13 and 4.14 in whitablab e, is Shown for tempo-
rary fault cases in absence and presence of shunt readpectesely. As seen in both figures,
the 5mean Value is zero before the line isolation, then jumps to th&-fock-angle slightly after

the isolation and then, slowly moves toward the-seconl-&otgle as the arc is extinguishing.
For uncompensated line caségen Settles down at the-second-lock-angle value after the arc

extinction while it resonates around it if the line is comgpated.
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Figure 4.14: (a)5mean fOr the case of a temporary fault in an untransposed transmision
line, in presence of shunt reactor; (a) is zoomed in (b) and jc
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Partially-transposed line

General behavior afen In partially-transposed lines is similar to ideally-transed and un-
transposed line cases. In other words, this variable jumgra Zero to the-first-lock-angle
slightly after the line isolation for the both fault typesays there for permanent faults while
moves about 90 more degrees toward the-second-lock-amgterhporary fault cases. It is
almost predictable as partially-transposed line is thewaidof ideally-transposed and un-
transposed linesdnean Waveforms for permanent and temporary fault cases in absand

presence of shunt reactor are shown in Figures 4.15 to 4.18.

Considering the shown cases, for all three transmissi@ndtructures including ideally-
transposed, untransposed and partially-transposed padth line compensation conditions
including shunt compensated and uncompensated, they lgeueeaal pattern in common that
helps for the fault discrimination, i.e., discriminatioativeen permanent and temporary fault
cases. In the all simulated cases, the phase @pglejumps from zero to the-first-lock-angle,
some values around 9Ghortly after the line isolation. This variable stays #hr permanent
fault cases while it moves about 90 more degrees and realcbesetond-lock-angle for the
cases of temporary faults. This feature is used for faule tigfentification in the proposed

angle-based method.

If temporary fault is detected, the next step is to detechtioeextinction time as reclosing
on fault is so harmful for the power system stability and sgsequipment. In fact, the feature
of arc extinction detection is considered as very basiafegdbr an adaptive reclosing method.
For this purpose, behavior of the variablga, must be monitored. In fact, as discussed earlier
in this Sectiongean €ither settles down at the-second-lock-angle, some vahoesd 1860, for
un-compensated line case or resonates around it for the casempensated lines. Therefore,

the arc extinction signal will be activated when the seftlilown/oscillation is detected.
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Figure 4.15: (a)dmean fOr the case of a permanent fault in a partially-transposed tansmis-
sion line, in absence of shunt reactor; (a) is zoomed in (b) ah(c).
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Figure 4.17: (a)dmean fOr the case of a temporary fault in a partially-transposed ransmis-
sion line, in absence of shunt reactor; (a) is zoomed in (b) ah(c).
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Figure 4.18: (a)dmean for the case of a temporary fault in a partially-transposed ransmis-
sion line, in presence of shunt reactor; (a) is zoomed in (b)rad (c).
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4.1.2 Phasor-based analysis

In the phasor-based proposed single-phase reclosing thetinailar to Chapter 3, normalized
version ofVg, i.e., Vg, as defined in (3.8) is considered to make easier comparidarnsis
method, the major roles are being played\iy, the first derivative ofVg,| as define in (4.2),
and byép, the first derivative ob. The derivation process for both variables are performed
using Least Error Square (LES) method. For this purposendaw of data (her¢V/g,| or 6)

of length of a half a power system cycle is approximated byaigitt line while the window

is moving toward positive numbers’ side in time axis. The antoof the derivative\{g,p Or

Op) at each step is the slope of the straight line at that stefs fgrbcess is done to guarantee

smooth waveforms fo¥s,p andsp as any rapid change may lead to maloperation of the relay.

Vaip = d([Venl)/dt (4.2)

Permanent fault

Vel @and Vgp for three diterent permanent fault cases are shown in Figures 4.19 to 4.21
Waveforms shown in Figure 4.19 stand for a permanent fagk ed@th a fault resistance of
1 Q at 30% of the line from Side A in an ideally-transposed traissian line with no shunt
compensation. Figure 4.20 also represents the results perraanent fault case while the
line is shunt-compensated untransposed and the faultaesesis 10Q. Figure 4.21 also
shows a permanent fault with(l resistance at 25% distance on an uncompensated line which
is partially-transposed. As shown for all three cag¥s, drops during fault, i.e., the time
interval between @s and ®8s. The amount of voltage drop depends on the fault location
fault characteristics and system strength.

Once the line is single-phase isolated &8%,|Vg,| further drops to a considerably small

value and remains constant after transients due to systafiggmtion change, filtering and
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phasor estimation. This behavior Mg,| exactly matches with the expected one derived by
the theoretical analysis presented in Section 3.2. Afterlite single-phase isolatioVgp
also drops smoothly from zero to its negative peak and theovess again to zero d¥y)|
has already become steady. This negative peakygf which will be used in the following
sections, is registered &,pv. After line single-phase isolation, ideal{g,p has no positive
peak as the faulted phase voltage is not recovered for pembdawlts, while there can be a
small positive peak as observed in Figures 4.19-(c), 4c2@+{d 4.21-(c), naméedg,pr, Which

is because of system transients and filtering errors\apsl drops to zero after one power
system cycle in the worst case. It should be noted that pcesainshunt reactor has néfect
on the waveforms in case of permanent faults because of thehHat shunt reactor draws
negligible current from the faulted phase due to the presehsmall amount of faulted phase

voltage in both cases.
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Figure 4.19: Normalized faulted phase voltage magnitude ahits first derivative for a
permanent fault case in an ideally-transposed transmissioline, in absence of shunt re-
actor; (b) is zoomed in (c).
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Figure 4.20: Normalized faulted phase voltage magnitude ahits first derivative for a
permanent fault case in an untransposed transmission linen presence of shunt reactor;
(b) is zoomed in (c).
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Figure 4.21: Normalized faulted phase voltage magnitude ahits first derivative for a
permanent fault case in a partially-transposed transmissin line, in absence of shunt re-
actor; (b) is zoomed in (c).
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When the faulted phase voltage drops to zero due to the Inggesphase isolation @t=
0.28s,V4p must ideally reach a considerable negative value and tloewveeto zero in a very
short time interval, as the voltage drops almost instammiasiy. However, as observed in Figure
4.19, there is a time delay which is because of filtering, phastimation, and LES-based
derivation calculation delays each equal 16,1.25 and (5 cycles, respectively. Therefore, it
takes about 25 power system cycles f&Mg,p to drop toVg,pr and then recover to zero after

the line single-phase isolation.

Temporary fault

To validate the expected voltage behavior of the faultedelterived in Section 3.2 for tem-
porary faults, several faults are simulated in ideallyy$@osed, untransposed and partially-
transposed lines, in absence and presence of shunt reaudat diferent fault locations. Also
for the purpose of arc modeling, Arcl characteristics ofi@&bl is used.

Vel @andVgp for the six temporary fault cases are shown in Figures 4.222@. As ob-
served, once the line is single-phase isolated289)|Vg,| reaches a considerably small value,
similar to the earlier permanent fault cases, a&fggh, can be obtained similar to permanent
faults cases. However, voltage magnitude increases la@rcaesistance increases. Compatr-
ing Figures 4.22 to 4.27 with Figures 4.19 to 4.24,| of temporary fault cases recovers to
a higher value as compared to the permanent faults, afeesingle-phase isolatiomn £ 0.28
s). This pattern exactly matches with the expected behaéddved by the analytical analy-
sis presented in Section 3.¥4p also makes a larger positive peak, to be calggr, after
voltage recovery compared to the permanent fault caseslditi@n, Vs,p keeps holding large
positive values for a considerable time interval while tb#age is being recovered. This can
be observed by comparing Figures 4.22-(c), 4.23-(c), 4c244.25-(c), 4.26-(c) and 4.27-(c)
with Figures 4.19-(c), 4.20-(c) and 4.21-(c).



4.1. RUNDAMENTALS OF THE RECLOSING METHODS 95

Regardless of the fault type, smallgg.pn| andVg,pe are obtained for the case of stronger
systems as the system resists against the faulted phasgevalhange. This is also true for
the case of larger fault resistances as the fault is not thaigto change the system voltage.
However, the key pointis that for the equal valuepAipn|, largerVg,pe values will be obtained
for temporary faults compared to permanent fault casesrafatt, there is a considerable gap
betweenVgpr values. This is actually true not only f&fspe, but also for allVgp values
after the second voltage recovery. This gap is even largeYdg values after the positive
peak asVgp drops to zero considerably faster for permanent faults @vetpto temporary
fault cases. This is valid for all possible cases includohgpily-transposed, untransposed and
partially-transposed transmission lines and even presenabsence of shunt giod neutral
reactors has noffect on this fact. This feature is the main measure to disoatei temporary

and permanent faults in this research study.
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Figure 4.22: Normalized faulted phase voltage magnitude ahits first derivative for a
temporary fault case in an ideally-transposed transmissio line, in absence of shunt reac-
tor; (b) is zoomed in (c).
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Figure 4.23: Normalized faulted phase voltage magnitude ahits first derivative for a

temporary fault case in an ideally-transposed transmissio line, in presence of shunt re-
actor; (b) is zoomed in (c).
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Figure 4.24: Normalized faulted phase voltage magnitude ahits first derivative for a
temporary fault case in an untransposed transmission linein absence of shunt reactor;
(b) is zoomed in (c).
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Figure 4.25: Normalized faulted phase voltage magnitude ahits first derivative for a
temporary fault case in an untransposed transmission linein presence of shunt reactor;
(b) is zoomed in (c).
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Figure 4.26: Normalized faulted phase voltage magnitude ahits first derivative for a
temporary fault case in a partially-transposed transmisson line, in absence of shunt re-
actor; (b) is zoomed in (c).
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Figure 4.27: Normalized faulted phase voltage magnitude ahits first derivative for a
temporary fault case in a partially-transposed transmisson line, in presence of shunt
reactor; (b) is zoomed in (c).

Arc extinction

The other vital point about temporary fault cases to comsgleow to recognize arc extinction
as the breaker is not supposed to reclose before real ancati. This is done in the phasor-
based method based on the fact that after the arc extinstoone kind of stability appears in
the system. Therefore, both,p anddp variables, i.e., the first derivations |dy,| andé, either
settle down at or resonate around their final values whickrs for both variables.

In the PSCAD simulations, the arc current is monitored t@deine the actual arc extinc-
tion time. The time instance when the current is above 2AHerlast time is recorded as the
actual arc extinction time [84]. Having done this for 275 parary fault cases, it is observed
that the arc extinction time estimated using the above-imead features is very close to the

actual arc extinction time.
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For the purpose of arc extinction detection, both variabfés,,p, andép are employedsp
for two temporary fault cases in an untransposed line is showigures 4.28 and 4.29. In
these figuresjp settles down (Figure 4.28-(b)) or resonates (Figure 43P&tt = 0.6s and
t = 0.82s, respectively, while the arc extinction times usiag, aret = 0.55s and = 0.75s.
Comparing the obtained arc extinction times with PSCAD ltsxaft = 0.57s and = 0.78s, it
has been observed th# settles down or resonates slightly later than reality wMyg reacts
faster than the actual arc. This was the case for almost aheofemporary fault simulated
cases. In the phasor-based reclosing method, dgthandép are used for the arc extinction

detection purpose.
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Figure 4.28: First angle derivative for the case of a temporgy fault case in an untrans-
posed transmission line, in absence of shunt reactor; (a) ®momed in (b).
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Figure 4.29: First angle derivative for the case of a temporgy fault case in an untrans-
posed transmission line, in presence of shunt reactor; (ayizoomed in (b).

4.2 Proposed Adaptive Reclosing Algorithms

4.2.1 Angle-based algorithm

Block diagram of the proposed angle-based adaptive sipiggese reclosing algorithm is shown
in Figure 4.30. The angle-based algorithm can be initiatdateby auxiliary contacts of the
line circuit breakers or through analyzing CT secondaryeniras proposed in [19]. The
faulted phase is determined and the process starts if goigse-to-ground fault inception is
confirmed. Present-day line protection relays are equipptédphase selector function which
reliably determines the faulted phases.
According to the shown diagram in Figure 4.30, voltage valofeall three phases and the
breaker interruption information are used for calculatidthe 5§ parameter after anti-aliasing
and CVT temporary filtering and phasor estimation [116]. iHg¥ in hand,éean IS Obtained
using an averaging unit. This averaging unit is simply a cioiaon of an accumulator and a

divider, together a digital filter.
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The obtained e, Variable is used for fault type identification. In case theedeed fault

type is permanent, three-phase trip signal will be issued.ilBcase temporary fault is identi-

fied, single-phase reclosing signal will be issued aftereattction detection. Arc extinction

process itself is performed usidgean variable too.
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Figure 4.30: Block diagram of the proposed angle-based ad#éipe single-phase reclosing

algorithm.
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Fault type recognition

As mentioned in Subsection 4.1.1, similarity between peenaand temporary faults is that
for both cases)nan Moves from zero to an angle around 9€alled the-first-lock-angle. The-
first-lock-angle is dependent on the line structure and #uktdd phase, but in an ideally-
transposed line, it is 90 ideally. The diference between the two fault types projected to
Omean IS that for permanent faults) ., Stays at the-first-lock-angle while it moves about
more 90 degrees for temporary fault cases, either in pesttivnegative direction, and set-
tles dowriresonates around another phase angle value called thedsieotrangle. Therefore,

it is possible to recognize the fault type in two simple staps

1) To find the-first-lock-angle,

2) To realize ifdmean Stays around the-first-lock-angle or moves toward anotakrey i.e.,
the second-locked-angle.

In the proposed algorithm,en is monitored after the line isolation to see if it stays amun
any value with variation as small as tor one full length of the power system cycle. This
angle value is detected as the-first-lock-angle. In the s&{,5mean IS Monitored for 5 more
power system cycles. The fault type will be detected perminé ., Stays in the range, i.e.,
at the-first-lock-angle-2.5°, for at least five power system cycles. Otherwise, it is a t@auy

fault.

Arc extinction detection

For temporary fault cases, the next step after the fault igpetification is arc extinction de-

tection so that reclosing onto fault is prevented. The detetme for the arc extinction must
be slightly after the real arc extinction, as too long ardretion detected time means the
system will have to work in unbalanced condition, unneadgsé#or this purpose, two dlier-

ent cases are possible, shunt compensated and uncompeinsade For the both cases, the
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variabledan iNcreases toward the-second-lock-angle. It will stayghercase the line in not

compensated while it will resonate around the-second-&aie for shunt compensated lines.

In the proposed arc extinction detection algorithm, techlty, there are two blocks that
can detect the arc extinction, settling-down detectionrasdnance detection. The initial duty
of the settling-down detector is to detect the second-ldakegle. This happens wWhéRean
increases to a value and stays arow®&b° for at least 3 full cycles. This can be done by
simply monitoring th&en Variable. The other possible case is wldgg,, resonates around
the second-locked-angle. In such a case, at first the peakhandext dip right afterward
around the second-locked-angle are detected. Then, tidirstrtime at whichd e, reaches

the average value of the peak and the dip is recognized asdlegtanction time.

4.2.2 Phasor-based algorithm

Block diagram of the proposed phasor-based reclosingigigors shown in Figure 4.31. Sim-
ilar to the angle-based reclosing method, the phasor-l@dgedthm can also be initiated either
by auxiliary contacts of the line circuit breakers or thrbwnalyzing CT secondary current as
proposed in [19]. The faulted phase is determined and theepsostarts if single-phase-to-
ground fault inception is confirmed. Present day line prideaelays are equipped with phase
selector function which reliably determines the faultedg#s. In the proposed algorithm, as-
suming that the faulted phase is knowfy,p andép are obtained by derivatings,| andé by
means of half-cycle LES algorithm, after anti-aliasing &MT temporary filtering and pha-
sor estimation [116]. Using these variables, first, thetfle is identified. For the permanent
fault cases, three-phase tripping will be initiated imnagely, while single-phase reclosing will

be commanded once arc extinction is detected, for temptmats.
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Figure 4.31: Block diagram of the proposed adaptive singlghase reclosing algorithm.

Fault type recognition

As mentioned in Subsection 4.1.2, after the line singlesphaolation, the ratio o¥/4p to
IVaon| IS larger for temporary faults than permanent fault caseistha diterence becomes
even larger after the positive peak,,pr. Hence, the voltage derivative ratddDR, as given in

(4.3) is defined for fault identification.

VDR = |\\//:DDN | (%) (4.3)
To calculateVDR, Vgp must be monitored after the line single-phase isolationbt@io
Vgapn. Considering the fact that it takes aroun@%cycles forVg,p to make a negative peak
and then recover to zero after the line single-phase isolaéis mentioned in Subsection 4.1.2,

Vapnv Must be obtained within this time interval. For permanenitfaasesVq,pr appears
slightly after 325 cycles and theNgp drops to zero shortly, while it will remain positive as
the arc is being extinguished in cases of temporary faulerdlore, by monitoringys,p for a
suficient time interval after the line single-phase isolatibw, fault type can be identified.

In this research study, considering various delays suclo@a tircuit breaker opening
detection, delay between circuit breaker operation at lio¢ghends, CVT temporary and relay

filtering and estimations, it is proposed to monitayp for 6 cycles or 100ms after the line
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single-phase isolation. TheWDR is calculated at each protection pass for tHeccle, i.e.
the time interval within 83ms to 100ms. In this case, 16 vafoeV DR will be obtained for the
6™ cycle. The fault type will be recognized usiN@®R', the summation of the 16 obtaingdR
values. In cases of permanent faMDR! is ideally zero although in practice it can have a very
small value due to various sources of error. In cases of teanpéault, VDR is considerably
larger than the one obtained for permanent faults. In tisisaeeh studyyDR' = 5% has been
chosen as a threshold for discrimination. For temporarit ietection,VDR must be larger
than 5%, while VDR < 5% leads to permanent fault detection.

In the case of a close-in fault with very small resistanc#age drops to zero immediately
after the fault inception. Therefore, line single-phas¢aon does not lead to further voltage
drop. This mean¥gspn Will be detected as zero and this will be the case for all 1&6eslof
Vap Of the 8" monitored cycle. To cover this condition, permanent faittétected in case the
faulted phase voltage magnitude stays less tha% @f the rated voltage for the entire 100ms

monitoring time interval.

Arc extinction detection

In case of temporary faults, the main sign of arc extincteosame kind of settlement in system
variables. In this case, boW,,p andédp settle down dtesonate around their final values as
the arc extinguishes and they are chosen for arc extincetecton purpose as discussed in
Subsection 4.1.2.

Based on the comprehensive simulation study performedastebserved that in most of
the cases, the signs of the arc extinction appe#&kis about or before the real arc extinction,
whereas, these signs show upalways after the real arc extinction. Further, in case df fas
arc extinction, it is hard to find a proper reference time &tshonitoringdp for arc extinction
detection as there are large transientsygrafter the line single-phase isolation as shown in

Figures 4.28 and 4.29. In addition, the arc extinction athor requires to analyz¥s,p or dp
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for several samples after real arc extinction to reliablgdethe arc extinction. In this research
study, it is proposed to use both quantities to increasedirability and speed of detection.

In the proposed method, having recognized the temporaly faitial arc extinction is de-
tected ifVg,p becomes less that 10% Wf,pr for three consecutive protection passes. Then,
this initial arc extinction is confirmed by observidg smaller than a very small value;10/s
is considered in this research study. This strategy inesetiee security of the reclosing algo-
rithm and also the reclosing speed by eliminating the waitime for arc extinction detection.
The merit of involvingV4pe in the arc extinction detection algorithm is to provide aaatd/e
threshold folV¢p Settlement detection as faster extinguishing arcs raslatgerVg,pr. There-
fore, it is not needed to wait fors,p settlement detection for too long in such cases, while for

slower arcs, the algorithm will wait longer to ensure releatbetection a¥q,pe is smaller.

4.3 Simulation Results

In this research, 550 simulated cases have been used formparice evaluation of the pro-
posed method. The simulated cases can be categorized iaeogloups based on the trans-
position method considered for the transmission line idiclg ideally-transposed (100 cases),
untransposed (210 cases) and partially-transposed (Z#3)caVvarious cases arefdrent in
terms of fault location, arc type (Arcs 1 to 3 for temporarylfacases as per Table 3.1), arc

resistance (for permanent fault cases) and pregaineence of shufmteutral reactor.

4.3.1 Angle-based method

According to the algorithm of the angle-based reclosinghoet variable ., is used for fault
type recognition. In this order, if this variable stays a-first-lock-anglet2.5° for 5 power
system cycles, then the fault is considered as permandmvase it is a temporary fault and

therefore, the next step would be to find the arc extinctimetio activate the reclosing signal.
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Average fault type detection time, i.e., temporary or paremd, for transmission lines with
ideally-transposed, untransposed and partially-traseghstructures are available in Tables 4.1
to 4.3. In these tables, fault location is the distance ofdhé inception point from the sending
end, in percent of the line length. Using these tables, teeage time for ideally-transposed
and untransposed lines is from 9ms to 233ms, and from 7mslim@2respectively. This is 7
ms to 194ms for fault type detection in the partially-traosgd line.

Average needed time for detection of a temporary fault ialigeransposed, untransposed
and partially-transposed lines are 69ms, 88ms and 81nzectagely. The same values with
the same order for permanent fault detection are 155ms, $2#wm 150ms. Average time
needed for detection of a temporary fault including all tenapy fault cases is 91 ms while it
is 139ms for all permanent fault cases. As observed, them@nisiderably longer time needed
for permanent fault type detection than for temporary. Téeson is that the algorithm has to
wait for 5 power system cycles to make sure if it is a permarffeuit, while it can detect a
temporary fault any time after the-first-lock-angle as saerthe sign of the temporary fault
appears, i.e., increment of the variabjg,, more than %°.

Considering the compensation condition of the lines, iigas of the fault type, the aver-
age needed time for the fault detection is 106ms and 115nthdéadeally-transposed line in
absence and presence of shunt reactor, respectively. &ontransposed line, it is 95ms and
108ms and for the partially-transposed line, it is 83ms &g respectively. This means, the

proposed algorithm has a better performance for uncompshbaes.
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Table 4.1: Average temporary fault detection time for an idally-transposed and an un-
transposed line using the angle-based method (ms).

Fault location 0% | 30% | 70% | 100%
Ideally No shunt reactor 9 | 76 | 76 72
Transposed With shunt reactor 43 | 101 | 77 69

Side conductor | No shuntreactor | 73 | 89 86 79

Untrans- With shunt reactor 68 | 78 48 66

posed | Middle conductor] No shuntreactor | 7 | 75 | 74 74

With shunt reactor 68 | 78 48 66

Table 4.2: Average permanent fault detection time for an idally-transposed and an un-
transposed lines using the angle-based method (ms).

Fault location 0% | 30% | 70% | 100%
Ideally No shuntreactor 226| 131 | 131 | 128
Transposeq With  shunt reactor 233| 131 | 131 | 128

Side conductor | No shuntreactor | 160| 146 | 143 | 141

Untrans- With shunt reactorr 153 | 146 | 144 | 142

posed Middle conductor| No shunt reactor | 112 | 145 | 139 | 141

With shunt reactorr 221 | 146 | 139 | 141
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Table 4.3: Average fault type recognition time for a partially transposed transmission line
using the angle-based method (ms).

Fault location 0% | 25% | 50% | 65% | 80% | 90% | 100%

Temp-| No shuntreactor | 7 73 | 71 | 70 | 71 | 68 70

orary | With shuntreactor 102| 83 | 79 | 79 | 85 | 82 84

Perm-| No shuntreactor | 194 | 146 | 144 | 142 | 140 | 140 | 143

anent | Wth shuntreactor| 193 | 147 | 145 | 144 | 143 | 141 | 142

The average fault detection time including all the simudatases for ideally-transposed,
untransposed and partially-transposed lines is 224 msm$0&nd 92 ms, respectively. This
means the algorithm has the fastest operation for the pgitiiansposed line while it is the
slowest for the ideally-transposed line. This can be a gapuas partially-transposition is the
most practical structure of the lines while there is no ijensposed line in practice. And

finally, the average fault detection time including all th@glated cases is 140ms.

Average fault type recognition times, including both temgwg and permanent, for ideally-
transposed, untransposed and partially-transposedifiressence and presence of shunt re-
actor are shown in Figures 4.32 to 4.35. As observed, fotdaudt so close to the relay
location, the temporary fault recognition speed is comrsibly close for ideally-transposed
and untransposed line cases. This is also true for perméadhtype cases. However, for
partially-transposed line, the fault recognition speedassiderably faster, for both tempo-
rary and permanent fault cases. Also, in general, the padgoce of the method is faster for

uncompensated lines than for compensated lines congidatithree line configurations.
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Figure 4.32: Average temporary fault detection time for an deally-transposed and an
untransposed transmission line in Absence (A) and Preseng®) of shunt reactor using
the angle-based method (ms).
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Figure 4.33: Average permanent fault detection time for an deally-transposed and an
untransposed transmission line in Absence (A) and Presend®) of shunt reactor using
the angle-based method (ms).
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Figure 4.34: Average temporary fault detection time for a patially-transposed transmis-

sion line in Absence (A) and Presence (P) of shunt reactor ugg the angle-based method
(ms).
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Figure 4.35: Average permanent fault detection time for a paially-transposed transmis-
sion line in Absence (A) and Presence (P) of shunt reactor ugj the angle-based method
(ms).

After the fault type recognition, a proper decision must lz@lmby the relay. For permanent
fault cases, the proper decision is always to issue the-fitrase trip signal as there is no hope
for the fault to be cleared by itself. However, there is a deafor fault clearance if the fault

is temporary. For such cases, the next step is to issue tgkeghase reclosing signal. But,
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reclosing has to happen in a reasonable amount of time akearc extinction. If reclosing
happens too late, the system has worked in an unbalancedioaridr some amounts of time,
unnecessarily, and if it happens before the arc extinciticsmharmful for the system equipment
and the system stability. For this purpose, an adaptive odatiust be able to detect the exact
arc extinction time.

Average and maximum reclosing time delay, the time distdrate/een the arc extinction
detection moment proposed by the adaptive angle-basedthigoand the real arc extinc-
tion time obtained based on PSCAD simulations, for idealiyrsposed, untransposed and
partially-transposed line simulated cases are presentadbies 4.4 to 4.6. For each fault loca-
tion andor transmission line configuration, the averaging is apidicethree time delay values
obtained for three sets of arc parameters, including fasestiunislower arcs.

In table 4.4, the average reclosing time delay for the igeiaéinsposed case is between 48
and 59ms. The same values for untransposed and partiatiggosed cases are 45 to 114ms
and 18 to 74ms, respectively. Therefore, the overall peréorce of the method is between 18
and 114ms including all temporary fault cases. Howeveipsatg delay is between 70 and
160ms for the method proposed in [62]. Method of [56] alsovjates the average process-
ing times between 29 and 67ms for temporary faults. Theeettie method of this research
study has been faster than the method of [62] but slower &l tban the method proposed in
[56]. It might be considered that the proposed method in [$@&nly applicable for ideally-
transposed lines. In addition, it employs data of both stdéise transmission line and requires
communication facilities too, while the proposed techeiguthis research study is based on
local data application. The proposed technique is afecve for any kind of system trans-
position configuration and absemgeesence of shunt reactor has rteet on the technique’s

performance.
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The average arc extinction detection delay of the propo$ede angle-based algorithm
for the ideally-transposed line is 49ms and 57 ms in absendepeesence of shunt reactor,
respectively. For the untransposed line, these valuestans @nd 74ms. Also, they are 46ms
and 50ms for the cases of the partially-transposed lines 3tows that the proposed algorithm

can detect the arc extinction faster when the line is not earsgted.

Regardless of the shunt compensation condition of the time arc extinction detection
delay of the algorithm is 55ms, 70ms and 49ms respectivelyhi® ideally-transposed, un-
transposed and partially-transposed lines. This meansrdp®sed algorithm shows the high-
est performance for the partially-transposed line whikestowest performance belongs to the
untransposed line. Finally, the overall delay of the alidponi in detection of the arc extinction

is 58ms.

Table 4.4: Average reclosing time delay for an ideally-trasposed and an untransposed
lines using the angle-based method (ms).

Fault location 0% | 30% | 70% | 100%
Ideally No shunt reactor 50| 49 | 48 48
Transposed With shunt reactor 57| 59 | 59 52

Side conductor | No shuntreactor | 60 | 56 63 65

Untrans- With shunt reactor 45 | 102 | 114 | 105

posed Middle conductor| No shuntreactor | 60 | 59 | 57 61

With shunt reactor 55 | 54 51 61
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Table 4.5: Maximum reclosing time delay for an ideally-transposed and an untransposed
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lines using the angle-based method (ms).

Fault location 0% | 30% | 70% | 100%
Ideally No shuntreactor 56 | 57 | 57 57
Transposed With shunt reactor 64 | 62 | 62 55
Side conductor | No shuntreactor | 62 | 67 | 65 65
Untrans- With shunt reactor 63 | 149 | 148 | 145
posed | Middle conductor] No shuntreactor | 62 | 65 | 63 65
With shunt reactor 70 | 71 | 69 65

Table 4.6: Average and maximum reclosing time delay for a parally transposed trans-

mission line using the angle-based method (ms).

Fault location 0% | 25% | 50% | 65% | 80% | 90% | 100%
Ave- | No shuntreactor | 54 | 62 | 60 | 48 | 35 | 21 41
rage | With shuntreactor 74| 89 | 71 | 53 | 36 | 18 18
Max- | No shuntreactor | 61 | 70 | 67 | 58 | 47 | 36 52
imum | Wth shuntreactor| 89 | 104 | 78 | 61 | 63 | 32 45

Average and maximum reclosing time delay for ideally-tposed, untransposed and partially-
transposed lines are shown in Figures 4.36 to 4.39. Firdt,of & observed that average and
maximum reclosing time delay values are considerably dos=ach other for each fault lo-
cationline configuration. This means, for each fault locafime configuration, the proposed
method is able to detect the arc extinction after almost #meestime delay regardless of the

arc extinction spegdrc parameters. Hence, it can be concluded that the proposttbd is

not considerably sensitive to the arc parameters.
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It is also observed that, beside the close-in fault casesfathlt location does not have
specific gfect on the average and maximum reclosing time delays fotlydgansposed and
untransposed lines. Also, the method has had a better pexfme for ideally-transposed line.
However, for partially-transposed line cases, averag®peance of the method increases by
increment of the fault distance from the relay location. sTimeans, for the faults at further
locations, the method has better performances. Howevermidéximum reclosing delay is

smaller for faults at the middle of the line.
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Figure 4.36: Average reclosing time delay for an Ideally-tansposed (I) and an Untrans-
posed (U) transmission lines in Absence (A) and Presence (&) shunt reactor using the
angle-based method (ms).
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Figure 4.37: Maximum reclosing time delay for an Ideally-transposed (I) and an Untrans-
posed (U) transmission lines in Absence (A) and Presence (&) shunt reactor using the
angle-based method (ms).
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Figure 4.38: Average reclosing time delay for a partially-tansposed transmission line in
Absence (A) and Presence (P) of shunt reactor using the angbased method (ms).
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Figure 4.39: Maximum reclosing time delay for a partially-transposed transmission line
in Absence (A) and Presence (P) of shunt reactor using the aleggbased method (ms).

The proposed algorithm has also been applied to a field redoddta, a temporary AG
fault in 765 kV Rockport substation in American Electric Rovgrid [62]. The faulted line is

untransposed compensated by shunt reactor with switchammnology only at one end [21, 22].

Time domain waveforms of the normalized faulted phase geltamagnitude|Vy,|, and
the mean value of its phase anglge.n are shown in Figure 4.40. The fault inception time
and the line single-phase isolation time are 100ms and 1/i&sgectively. Using the event
recorder time reference, reclosing occurs at 630 ms. Asheedépicted waveforms, the fault

is a temporary fault which becomes clear at about 300ms.

The proposed algorithm recognizes the-first-lock-angl8®® att = 219ms. Then, the
temporary fault is detected at= 249 ms wheren, does not stay around the-first-lock-
angle and moves toward negative values. Finally, the res@nafdmen around-50 Degrees
is detected at = 326 ms which means the arc is extinguished. The developeexéinction
technique is 304ms faster than the actual reclosing and &tes than the technique proposed
in [62]. Therefore, the proposed algorthm has a successftdipnance for the considered field

recorded temporary fault case.
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Figure 4.40: Waveforms of a temporary fault case in Rockport765 kV station in Amer-
ican Electric Power grid, (a) normalized voltage magnitudeof the faulted phase and (b)
average value of the faulted phase voltage angle; (b) is zo@ahin (c) and (d).

4.3.2 Phasor-based method

According to Subsection 4.2.2, the fault type is recogniagdneans ofVDR! values. For

all simulated cases, the gap betw&4DR' values for temporary and permanent faults is large
enough. In fact, the minimuDR' value for temporary faults is 20%, while it is never larger
than 05% for any permanent fault case. The averd@dR! values for temporary and permanent
fault cases are also 180% and ®%, respectively. The proposed algorithm has had suadessf
performance for all simulated cases. The fault type foradles is recognized 100ms after the
line single-phase isolation. This is considerably fastantthe method introduced in [62] with
permanent fault detection times within 220ms to 280ms amaési equal to the communication

aided technique proposed in [56] with detection times wi#®ms to 108ms.
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The average and maximum reclosing time delay, the timerdistd@etween the proposed
algorithm arc extinction detection moment and the real atinetion time obtained based on
PSCAD simulations, for ideally-transposed, untransp@setipartially-transposed line simu-
lated cases are presented in tables 4.7 and 4.8. For eatlotation andor transmission line
configuration, the averaging is applied to three time deldyas obtained for three sets of arc
parameters, including fasterediunjslower arcs. It is observed that the average and maximum
time delays an@r individual time delays related to the each arc parameteaire pretty close
for each fault locatiofine configuration. This means, for each fault locatime configura-
tion, the proposed method is able to detect the arc extmetiter almost the same time delay
regardless of the arc extinction speed. Hence, it can bdwabent that the proposed method is

not considerably sensitive to the arc parameters.

Table 4.7: Averag¢gmaximum reclosing time delay for an ideally-transposed andan un-
transposed lines using the phasor-based method (ms); Sh:RShunt Reactor; S.C/M.C.:

Fault on SidgMiddle Conductor.

Fault location 0% 30% 70% 100%

Ideally No Sh.R. 89/93|91/103| 91/103 | 81/85
Transposed With Sh.R. 39/44 | 40/43 | 40/43 | 32/39
S.C. | NoSh.R. [90/94| 83/97 | 100/111| 97/105

Untrans- With Sh.R.| 86/91| 76/86 | 62/92 | 65/86
posed | M.C.|NoSh.R. |92/97| 91/99 | 75/90 |83/100
With Sh.R.| 72/91| 70/86 | 68/92 | 59/86
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Table 4.8: Average and maximum reclosing time delay for a parally transposed trans-
mission line using the phasor-based method (ms); Sh.R.: ShtuReactor.

Fault location 0% | 25% | 50% | 65% | 80% | 90% | 100%

Ave- | NoSh.R. | 76| 85 | 77 | 61 | 51 | 45 56

rage | WithSh.R.| 49| 60 | 42 | 32 | 31 | 42 60

Max- | NoSh.R. | 78 | 88 | 87 | 63 | 60 | 58 67

imum | WthSh.R.| 60 | 75 | 50 | 33 | 33 | 49 70

In tables 4.7 and 4.8, the average reclosing time delay fopteary fault cases is 32 to 91
ms while this between 70 and 160ms for the method propose@liin Method of [56] also
provides the average processing times between 29 and 67ne&srfporary faults. Therefore,
the method of this research study has been faster than tihedet [62] but slightly slower in
total than the method proposed in [56]. It might be considénat the proposed method in [56]
is only applicable for ideally-transposed lines. In addiiit employs data of both sides of the
transmission line and requires communication facilites, while the proposed technique in
this research study is based on local data application. Tdpoped technique is alsfective
for any kind of system transposition configuration and abgpnesence of shunt reactor has

no dfect on the technique’s performance.

Average and maximum reclosing time delay for ideally-t@osed, untransposed and partially-
transposed lines are shown in Figures 4.41 to 4.44. Sinuldra angle-based method, for the
phasor-based method is also observed that average and smaxgulosing time delay values
are considerably close to each other for each fault locdithenconfiguration. This means,
for each fault locatiofline configuration, the proposed method is able to detecatbextinc-
tion after almost the same time delay regardless of the dmation speed. Therefore, the

conclusion is that the proposed method is considerablyngigee to the arc parameters.
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Figure 4.41: Average reclosing time delay for an Ideally-tansposed (I) and an Untrans-
posed (U) transmission lines in Absence (A) and Presence (&) shunt reactor using the
phasor-based method (ms).
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Figure 4.42: Maximum reclosing time delay for an Ideally-transposed (I) and an Untrans-
posed (U) transmission lines in Absence (A) and Presence (&) shunt reactor using the
phasor-based method (ms).
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Figure 4.43: Average reclosing time delay for a partially-tansposed transmission line in
Absence (A) and Presence (P) of shunt reactor using the phasibased method (ms).
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Figure 4.44: Maximum reclosing time delay for a partially-transposed transmission line
in Absence (A) and Presence (P) of shunt reactor using the pear-based method (ms).

It is also observed that for the ideally-transposed andamsfrosed line cases, the fault
location has no considerabl&ect on the reclosing delay while for the partially-transgmbs

cases the method has a better performance when the faukmmappthe middle of the line.



4.3. SmuLaTiON RESULTS 123

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

Figure 4.45: Waveforms of a temporary fault case in Rockport765 kV station in Amer-
ican Electric Power grid, (a) normalized instantaneous vahge waveform of the faulted
phase, (b) normalized voltage magnitude of the faulted phasand (b) its first derivative,
(c) first angle derivative.

Similar to the angle-based method, performance of the pHaessed algorithm is also eval-
uated using a field recorded data, a temporary AG fault in AcaarElectric Power grid [62].
The fault happened in Rockport substation on a 765 kV unp@sed line which employs
shunt reactor with switching technology only at one end 2], Instantaneous waveform,
magnitude and the first derivation of the faulted phase geltas well as the first derivation
of its phase angle are shown in Figure 4.45(a) to 4.45(d). fabk inception time and the
line single-phase isolation time are 100ms and 177ms, césply. Using the event recorder
time reference, reclosing also occurs at 630 ms. As per thietéd waveforms, the fault is a

temporary fault which becomes clear at about 300ms.
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The proposed algorithm correctly recognizes the fault tygsed on the calculat&DR' =
150% att = 280ms or 100ms after the line single-phase isolation. Theoording to the
algorithm of the phasor-based method, the arc extinctiongss has two steps. At first, there
is an initial arc extinction detection based ¥gp and then, this has to be confirmed &y.
Using the proposed method, the initial arc extinction hanbdetected at 300ms. This is the
time at whichVgp becomes less than 10% 9f,p’s positive peak for the first time after line
single-phase isolation and stays there for three sampkasoas in Figure 4.45 (c). Then, this
is confirmed at 320ms at whieh becomes negative as shown in Figure 4.45 (d). So, the final
arc extinction time obtained using the algorithm is 320ntgsTs 310ms faster than the actual

reclosing and 90ms faster than the technique proposed jn [62

4.3.3 Comparison of the reclosing methods

Two proposed adaptive single-phase reclosing methodstheeangle-based and the phasor-
based methods, havefi@irent structures, algorithms and logics and thereforegy, Wik have
different performance in flerent situation. However, using all simulated cases, bathods
have had a successful operation and tlkecence is only in operation speed.

In term of structure of the methods, the angle-based metasdIsimpler structure as uses
only the phase angle of the faulted phase while the phasmebaethod uses the faulted phase
voltage magnitude and derivatives of both magnitude andghagle of the voltage.

In therms of fault type recognition, the logic of the angkesed method is based on imme-
diatelate detection of temporafyermanent faults. In fact, the default fault type is pernmane
in this method and this is double checked throughout a peeched time period of length of
five power system cycles or 83ms after the first-angle-lodetdction, while temporary faults
can be detected anytime in that period of time. In fact, trexaye time needed for detection

of a temporargpermanent fault including all simulated cases ig1B9ms for the angle-based
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method. Therefore, the angle-based method has a fastétyjpaldetection performance for
temporary faults than permanent faults.

However, the phasor-based method has no default fault typdnas has to wait until the
end of its 100ms time period for the fault type recognitiont,Bhe time period is shorter than
the period used for the angle-based method. Thereforegfoparary faults, the angle-based
method has had a faster performance while phasor-baseddrestts faster for permanent fault
cases. But, the fault type recognition speed is more impbfta permanent fault cases than
for temporary faults. The reason is that after the permafaant detection, the next step is
three-phase tripping while the recloser is to wait for the extinction for temporary faults.
Therefore, the phasor-based method has a better perfoenrafault type recognition.

In terms of reclosing time delay, the angle-based methoblesta detect the arc extinction
18 to 114 ms after the arc extinction while it is 32 to 91 ms toe phasor-based method.
Therefore, the time delay values are more diverse for theedmgsed method than the phasor-
based. Considering all temporary fault simulated casesatigle-based method has a reclosing
time delay not longer than 59ms while the phasor-based rdethio do the same job not later
than 80ms after the real arc extinction, in average. Thezefehen the fault is temporary, the
phase-angel-based method acts faster at both fault detectd arc extinction detection.

As a comparison of the performances of the methods with tistiey adaptive reclos-
ing methods, two of the best existing methods were choseaidimg one local and one
communication-based method, using [62] and [56]. The lawgithod was able to detect the
arc extinction 70 to 160ms after the line isolation while toenmunication-based method was
faster and could do the same job in 29 to 67ms. Therefore,rthoped methods, which are
local, were faster than the local method, while they werghslly slower the communication-
based method, in average. Therefore, the improvement e\adagin their performances com-

pared to the existing reclosing methods.
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4.4 Summary

In this Chapter, two methods for adaptive single-phaseosang in transmission lines were
proposed. The first method, called the angle-based metlsed, phase angle of the faulted
phase, both to recognize the fault type, i.e., permanen¢roporary, and to detect the arc
extinction in case the fault is temporary. The second mettimphasor-based method, uses
the first derivative of the faulted phase voltage magnitwdddult type recognition, and the
first derivatives of both magnitude and angle of the faultbdse voltage, for arc extinction
detection.

Both methods had successful performances for transmi$isies with various transposi-
tion configurations, including ideally-transposed, ungposed and partially-transposed. Com-
pensation condition was not also an important factoiffiech the performance of the methods.

Both methods were evaluated using 55@atent simulated cases as well as a real case
study, and the results confirmed the capabilities of the authBoth methods had a successful
performances for all of the simulated cases. The angledhas¢hod had a better performance
for temporary fault cases while the phasor-based methed dosttter when the fault type was
permanent. In terms of the structures of the methods, thiedoraged method has a simpler
structure and also, can be considered as the more relialtfedas used the data itself and
not the derivative of the data. Performances of the propossttiods was also compared with
two of the best existing adaptive reclosing methods, onal laed one communication-based.
Methods had better performances than the local method wielewere slightly slower than

the existing communication-based method.



Chapter 5

Arc Extinction Time Prediction

When single-phase reclosing function is considered, whanally happens for a temporary
fault case is to open the faulted phase and reclose the tchneaker after a delay. The tra-
ditional single-phase reclosing uses a predetermined dietegy to avoid arc restriking. This
time delay must be chosen properly as reclosing the breaken temporary fault has not been

cleared yet can further damage the equipment and put thensytability at risk.

Adaptive single-phase reclosing methods have been prdpogée literature to identify
the fault type including temporary and permanent, and tt@necognize if the arc is extin-
guished [55]. However, all the proposed adaptive singlesphreclosing methods have to wait
for the arc to be extinguished if the fault is temporary. Thayem is that, in some cases, the
arc extinction speed is too low and it is harmful for the sgste serve with one phase open
for a long time which leads to issues such as injection of igaequence component to the
system. Therefore, it would be beneficial to predict the atimetion time for temporary faults
well in advance to initiate three-phase tripping signalaeeof a slow extinguishing arc. How-
ever, prediction of the arc extinction time after breakeetruption has not been investigated

in the literature.

127



128 CuaPTER 5. Arc ExTtincTION TiME PREDICTION

In this Chapter, voltage magnitude of the faulted phase aftgle-phase isolation of the
line is used to predict the arc extinction time for temporfaylts. For this purpose, there are
two methods proposed and the results are compared. Thegawpeethods arefective for
both uncompensated and compensated transmission lineshunt reactor and are consider-

ably insensitive to transposition condition of the line.

5.1 Fundamentals of The Proposed Prediction Methods

To verify the special behaviors of the faulted phase voltageng arc extinction, six simulated
temporary fault case studies are used in this Section. Isialimulated cases, a temporary
single-phase-to-ground fault incepts at 0.2s. Att = 0.27s and = 0.28s, breakers of Sides
A and B isolate the faulted line by performing single-phaserong. Therefore, afteér= 0.28s
the faulted phase is fully isolated. For performing an easiel more clear comparison, similar

to Chapter 4V4, andVg,p variables are employed in this Chapter as well, as definegl®).(

5.1.1 Analysis of the faulted phase voltage waveforms

Waveforms of arc voltage and current for sixtdrent temporary fault cases on an ideally-
transposed, an untransposed and a partially-transposedlabsence and presence of shunt
reactor are shown in Figures 5.1 to 5.3. As observed in @ktfigures, the arc voltage is very
small immediately after fault inception, i.¢.= 0.2s, while the arc current is very large. How-
ever, the arc voltage increases and the arc current dropsaibgalues as the arc extinguishes

gradually, after single-phase opening of the breakers-d1.28s.
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Figure 5.1: Electric arc voltage and current for the case of wo temporary faults in an
ideally-transposed transmission line in{(a) and (c)} absence and(b) and (d)} presence of

shunt reactor; (c) and (d) are zoomed in (e) and (f), respectely.
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Figure 5.2: Electric arc voltage and current for the case of wo temporary faults in an
untransposed transmission line in{(a) and (c)} absence and{(b) and (d)} presence of
shunt reactor; (c) and (d) are zoomed in (e) and (f), respectely.
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Figure 5.3: Electric arc voltage and current for the case of wo temporary faults in a
partially-transposed transmission line in{(a) and (c)} absence and(b) and (d)} presence
of shunt reactor; (c) and (d) are zoomed in (e) and (f), respewely.

Waveforms ofVg,|, magnitude oVg,, andVg,p, associated with the six simulated temporary
fault cases are shown in Figures 5.4t0 5.6. As seen in Figideas 5.6, (a) and (b), during the
time interval between the fault occurrence moment and stpbhse opening of the beakers,
i.e.,t = 0.2s tot = 0.28s,|Vq| decreases to some extent depending on system strengthsand al
characteristics and location of the fault. Following igma of the faulted line at = 0.28s,

V&l drops considerably and then, is recovered slowly by increémighe arc resistance. At the
same time, as observed in Figures 5.4 to 5.6, (c) and/(g),drops to a negative number after
single-phase line isolation, recovers to zero and regist@ositive peak to be call&f, pre« as
shown in Figures 5.4 t0 5.6, (e) and (Y}s,0 Stays above the horizontal axis for a considerable
time interval during the voltage recovery and eventualgoretesettles down around zero in

presenc@bsence of shunt reactor after the arc extinction.
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Figure 5.4: Normalized faulted phase voltage magnitude ands first derivative for the
temporary fault cases in an ideally-transposed transmissin line shown in Figure 5.1; (c)
and (d) are zoomed in (e) and (f), respectively.
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Figure 5.5: Normalized faulted phase voltage magnitude ands first derivative for the
temporary fault cases in an untransposed transmission linghown in Figure 5.2; (c) and
(d) are zoomed in (e) and (f), respectively.
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Figure 5.6: Normalized faulted phase voltage magnitude ands first derivative for the
temporary fault cases in a partially-transposed transmis®n line shown in Figure 5.3; (c)
and (d) are zoomed in (e) and (f), respectively.

For a temporary fault case in which single-phase reclosfrigeline is consideredvg.p
waveform can be approximated by a decaying exponentiakecfavthe arc extinction time
interval, i.e., from the moment at whidh,,p = Vg,preak t0 the arc extinction moment. By this
choice, it is possible to predict the arc extinction time logling the zero-crossing point of the

approximating exponential curve.

5.2 Proposed Prediction Methods

In this Section, two dferent methods are proposed for the purpose of predictioheofic
extinction time during single-phase reclosing, namelg, gbint-based and the window-based
methods. In the following, the proposed methods are exgthithe prediction results are

compared, and merits and drawbacks of the methods are srgres
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5.2.1 Point-based method
Exponential curve approximation for the point-based methal

A decaying exponential function is defined xas- ke wherek andT are magnitude and
decaying time constant, respectively, whé&reletermines the decaying speed. Bktand T
can be obtained having the data of only two points of the guag €1, X1) and ¢, X;) using
(5.1) wherex; = ke'"/T andx, = ke™/T. Havingk andT, t,, the time spot associated with any

desiredx, value can be calculated as (5.2).

X1/ %p = el /T —> (5.1)

T = 24 andk = x;/e%/D

Ln(x1/x%2)

to = LN(K/Xo)T (5.2)

Proposed algorithm for the point-based method

According to Figures 5.5, (e) and (f¥s\o increases from negative to positive values as the
arc is being extinguished after the line isolation. Thematkes a positive peak and decreases
toward zero. After the arc extinctioNg,p either settles down at zero for the uncompensated
line cases, or resonates for the lines with sfneitral reactor. It is desired that the point-based
method be able to make decision within 100ms after the siplgése line isolation. In this
order, if the after-peak part of tAé,p curve is approximated by a decaying exponential curve,
it will be possible to predict the arc extinction time. Hayitihe predicted arc extinction time,
one of the possible choices, reclosing or three-phasengppill be selected.
For obtaining the approximating exponential curve, alldeskis the information of two

points of the curve as discussed in the first paragraph ofStlssection. The first chosen

point is the point of théVs,p peak, calledvgpre. The second chosen point is the point of
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the minimum value foNg,p after the peak point and before the decision making timdedal
Vgpmin. It was mentioned in the previous paragraph that the decisionade within 100ms
after the single-phase line isolation of the faulted phagglying the information of these two
points to (5.1), parameteksandT of the approximating exponential curve and therefore, the

constants of the approximating exponential equation axgadle.

Vap curves drawn in Figure 5.5 associated with two temporarlf &ases of Figure 5.2, as
well as the related approximating curves using the poisetiarediction method, are shown

in Figure 5.7.
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Figure 5.7: V4p and the approximating exponentials associated with the teporary fault
cases shown in Figure 5.5.

The last step is to obtain the estimated arc extinction time time at which the approx-
imatedVg,p becomes zero. But, an exponential curve becomes zdre-ab, theoretically.
Therefore, a threshold must be set Yap, i.e. V4pm, and the predicted arc extinction time
will be the time at which the approximat&,p, becomes smaller than the threshwlgym. In
this research, two values for the threshold have been ch¥sgn = 0.1% andVg,pm = 1%.
At the end, the chosen parameter must be applied to (5.2)xi.e= Vgpm, to obtain the

predicted arc extinction time.
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5.2.2 Window-based method

Exponential curve approximation for the window-based metlod

An exponential curve is defined as (5.3) whé&res the magnitudeT is the decaying time
constantandis the DC dfset [131]. For negative values ®f the exponential curve eventually
approaches the ddisetc. Equation (5.3) can be simplified and rearranged to the fdran o

linear equation, i.e.,%at+b, according to (5.4) wheng= Ln(x — ¢), a= -1/T andb = Ln(k).

x=ke'T +¢ (5.3)

X—c=ke¥" =>Ln(x-c) = —t/T + Ln(k) (5.4)

The problem is to find an appropriate setkpfT andc parameters through curve fitting
using some samples of (t,x) data sets. However, it can berstwat the curve fitting process
leads to a nonlinear set of equations due to appearancarmdc together in variable [131].
Solving such a nonlinear equation needs a high processiwgrpnd is hard to implement in
practical protective relays. The other problem is that,dineve fitting process has to result in
a negative values far. Otherwise, the approximating exponential equation &)(%ill have
a positive DC @fset. This means the approximating curve will never crosfithizontal axis,
the equatiorke™™ + ¢ = 0 will have no real root and no real arc extinction time préditcan

be performed using this method.

In the performed research work, equation (5.4) is solveddsyiming a negative value for
parametec instead of obtaining it through solving the equations. Bg #ssumption, the non-
linear equation becomes a linear one@s a constant and not a variable anymore. Therefore,
the arc extinction time prediction method can be approgifamplemented in a practical relay

and also, a real output for the arc extinction time predicticethod is guaranteed.
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Proposed algorithm for the window-based method
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exponentials.

Vap curves shown in Figures 5.4 to 5.6, and the associated apmorg exponentials using
the window-based method are shown in Figure 5.8. As merdion8ubsection 5.1.1, for the
time spots after the pedk,pre, Vap CUrve can be approximated by a decaying exponential
curve. So, in this research, a window\§p data of length of six power system cycles, equal to

100ms, starting from the moment of the peak is used for themxmtial curve approximation

as shown in

Figure 5.8.
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For the purpose of approximation, parametes assumed equal te50% 0of Vg preak. This
way, the termLn(x — c) in (5.4) becomes only a function ofasc becomes just a constant.
Therefore, parameteksandT can easily be obtained by a simple linear curve fitting adogrd
to (5.4) and (5.5). Having the parameter sek0f andc, the root of the exponential approxi-
mating curve in (5.3) is obtained according to (5.6). Thistiie the zero-crossing point of the
curve which in fact, is the predicted arc extinction timethié arc extinction prediction time is
recognized as “too long”, immediate three-phase trip abtef single-phase reclosing will be

performed despite the temporary fault type recognition.

k=€’ andT = -1/a (5.5)
ke/T +c=0=t=T.Ln(k/|c) (5.6)

5.3 Simulation Results

In this research, 225 simulated temporary fault cases hewe bsed for performance evalua-
tion of the proposed method. The simulated cases can beocated)into three groups based
on the transposition condition of the transmission linéudimg ideally-transposed (45 cases),
untransposed (90 cases) and partially-transposed (9@)ca¥arious cases areft#rent in
terms of fault location, arc type (Arcs 1 to 3 for temporarylfacases as per Table 3.1), and
presenc@bsence of shufmteutral reactor. As mentioned in the opening part of thispidra
the proper decision for the case of close-in fault is immtediaree-phase trip signal activation
as the faulted phase voltage drops almost to zero at the ledayion. So, temporary fault

inception cases at 0% distance from Side A is not considerdtki studies of this Chapter.
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5.3.1 Point-based method

Average arc extinction prediction time error, théteience between the arc extinction pre-
diction time by the proposed method and the real arc extindime obtained from PSCAD
simulations, for ideally-transposed, untransposed anthfig-transposed line simulated cases
are presented in Tables 5.1-5.3. The prediction time eagsavailable in both milliseconds
and percentage of the real arc extinction duration, the tiifierence between the single-phase
line isolation and the real arc extinction moments. Theeetawo sets of data presented for
Vg = 0.1% andVgpm = 1% to have access to a wider range of results. In averaging of
the results, absolute values of the tim&eliences are used to consider both early and late pre-
dictions. Otherwise, early and late predictions may caaaekach other and in that case, the

prediction error will drop to very small values.

The key fact that must be considered regarding the resutaishe predicted arc extinction
time is always longer foVg,pmn = 0.1% than foVg,pm = 1% which is because of the nature of
the decaying exponential curve. Based on this fact, theréhmee sets of scenarios possible.
In scenario A, the time dlierence obtained fovg,pm = 1% is positive, i.e., the predicted arc
extinction time forVg,pmn = 1% is later than the reality. In such a situation, the tinféedgence
obtained foVg,pmn = 0.1% is definitely positive and longer based on the mentionetd Feault
occurrence at 30% length of the untransposed line in abs#rstrint reactor is an example of

such a situation (see Table 5.1).

In scenario B, the time fierence foVgpm = 0.1% is negative, means the predicted time is
earlier than the reality. What happens in this scenaricattie time diference foVg,pm = 1%
will be more negative. In this case, the absolute value oftitne difference obtained for
Vg = 1% will be larger than foNgpm = 0.1%. Fault occurrence at 30% length of the

untransposed line in presence of shunt reactor is an exahgleh a situation (see Table 5.1).
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Table 5.1: Average arc extinction prediction time error of the point-based method for an
ideally-transposeduntransposed transmission line (ms).

Fault location 30% 70% 100%

Absence of | Vgpm = 0.1% | 132/ 307 | 132/87 | 67/ 115
shunt reactof Vg,prm = 1% 577127 | 57/59 | 45/63

Presence of| Vgprn =0.1% | 46/83 | 46/111| 117/194
shunt reactof Vg,prm = 1% 68/134 | 68/124| 83/121

Table 5.2: Average arc extinction prediction time error of the point-based method for
an ideally-transposeduntransposed transmission line in percent of the real arc einction
time (%).

Fault location 30% 70% 100%

Absence of | Vgpmn = 0.1% | 49%/ 87% | 49%/ 28% | 28%/ 41%
shunt reactorf Vgpmn = 1% | 20%/ 36% | 20%/ 19% | 10%/ 23%

Presence of| Vgpmm = 0.1% | 19%/ 18% | 19%/ 28% | 62%/ 55%
shunt reactor Vgprm = 1% | 29%/29% | 29%/ 31% | 41%/ 34%
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There is also a scenario C possible in which the tinfilecence foNg,pm = 0.1% is positive
while it is negative folVgpm = 1%. In such a scenario, the predicted timeVWg{pm = 0.1%
is later than the reality while it is earlier fofg,pr» = 1%. In this scenario, the proposed
method has the most accurate performance as the real ancteodtitime is located between
the predicted times foVg,pm = 0.1% andVgpm = 1%. In that case, the absolute value of
the time diference is rather small and is very close Yo = 0.1% andVgpm = 1% as
the prediction is slightly late for the first while it is slii early for the second one. Fault
occurrence at 65% length of the partially-transposed Impresence of shunt reactor is an

example of such a situation in which the absolute values ®tithe diterences are exactly

equal forVg,pm = 0.1% andVgpm = 1% (see Table 5.3).

Table 5.3: Average arc extinction prediction time error of the point-based method for a

partially-transposed transmission line (ms).

CuaPTER 5. Arc ExTtincTION TiME PREDICTION

Fault location 25% | 50% | 65% | 80% | 90% | 100%
Absence of | Vgprn =0.1% | 250 | 117 | 71 65 | 68 62
shunt reactor Vg,pm = 1% 97 | 51 | 47 | 52 | 58 42
Presence of| Vgprn =0.1% | 94 | 42 54 73 22 31
shunt reactor Vg,pm = 1% 66 | 66 | 54 | 47 | 28 4
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Table 5.4: Average arc extinction prediction time error of the point-based method for a
partially-transposed transmission line in percent of the eal arc extinction time (%).

Fault location 25% | 50% | 65% | 80% | 90% | 100%

Absence of | Vgprn = 0.1% | 83% | 39% | 24% | 22% | 23% | 24%
shunt reactor Vgprn = 1% | 32% | 17% | 16% | 17% | 19% | 16%

Presence of| Vgpm = 0.1% | 31% | 14% | 18% | 24% | 7% | 12%
shunt reactof Vgprn = 1% | 22% | 22% | 18% | 16% | 9% | 2%

Average arc extinction prediction time error for idealtgtisposed, untransposed and partially-
transposed line simulated cases are shown in Figures 5.260As observed, for the ideally-
transposed cases, the error values associated with thehtidevalue ofVgpn = 0.1% is
always higher than error values associated Wilhm = 1%. Also, the error values related to
the two thresholds become closer for uncompensated lirteedault location becomes further
from the relay location (at 0% distance). But the gap betvikererror values associated with
the threshold values becomes deeper for further faultimeatvhen the line is compensated.

For the untransposed line cases, there is no pattern ob$eriat for the partially-transposed
line cases there is a very clear pattern. In such cases, h®thrtor values and also the gap
between the error values associated with the thresholdeasefor further fault locations.

Using all simulated results, average arc extinction ptezhdime error for ideally-transposed,
untransposed and partially-transposed line configurataoe 32%, 28% and 31%, respec-
tively. Average prediction error of the proposed method lisemce and presence of shunt
reactor are also 38% and 222% , respectively. Therefore, the proposed method has erbett
performance for partially-transposed lines and in presedichunt reactor. Finally, the pro-
posed method is able to predict the arc extinction time witbreas large as 27% averaging

all the simulated cases.
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Figure 5.9: Average arc extinction prediction time error of the point-based method for the
ideally-transposed transmission lines in Absence (A) andr@sence (P) of shunt reactor
(ms).
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Figure 5.10: Average arc extinction prediction time error d the point-based method for
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Figure 5.11: Average arc extinction prediction time error d the point-based method for
the untransposed transmission lines in Absence (A) and Preace (P) of shunt reactor
(ms).
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Figure 5.12: Average arc extinction prediction time error o the point-based method for
the untransposed transmission lines in Absence (A) and Preace (P) of shunt reactor
(%0).
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Figure 5.13: Average arc extinction prediction time error d the point-based method for
a partially-transposed transmission line in absence of smt reactor (ms).
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Figure 5.14: Average arc extinction prediction time error o the point-based method for
a partially-transposed transmission line in absence of st reactor, in percent.
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Figure 5.15: Average arc extinction prediction time error o the point-based method for
a partially-transposed transmission line in presence of slmt reactor (ms).
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Figure 5.16: Average arc extinction prediction time error o the point-based method for
a partially-transposed transmission line in presence of slmt reactor, in percent.
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Figure 5.17: (a) Normalized instantaneous waveform, (b) mgnitude and (c) the first
derivation of the faulted phase voltage, (d) the approximahg exponential curve of the
765 kV faulted phase using the point-based method.

Similar to Chapter 4, performance of the proposed arc exbintime prediction method is
also evaluated using a field data, a temporary single-pteagesund fault in Rockport station
in American Electric Power grid on a 765 kV untransposed\iité shunt reactor only at one
end [62]. Normalized instantaneous waveform, magnitude fitst derivation of the faulted
phase voltage, and the approximating exponential curvetaown in Figure 5.17. According

to the event recorder information, the fault inception tiamel the line single-phase isolation
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time are 100ms and 177ms, respectively and waveforms saghtharc extinguishes at around
t=300ms. Therefore the arc extinction duration is 300ms-1£AA3ms. Based on the event
recorder information, reclosing occurs a6B0ms.

As shown in Figure 5.17 (dVsp Waveform is approximated by the dotted exponential
curve employing two points o¥s,p waveform, i.e.,Vgprek and Vgpmin. Using the approx-
imating curve, the arc extinction prediction times are olgd as 404 ms and 367 ms for
Vg = 0.1% andVgpm = 1%, respectively, both are much smaller than the practeal r
closing time of 630ms. Therefore, the predicted arc extinatluration is obtained as 227ms
and 190ms, respectively. Considering the real arc extinaturation of 123ms, the arc extinc-
tion time prediction error for the studied case is@®4 and 546%, respectively. These error
values although are higher than the average prediction egitoe of 31% related to simulation
results of the untransposed line, they are still applicadmdaving an estimation for the arc

extinction time well in advance.

5.3.2 Window-based method

Average prediction error of the window-based predictiorihod, i.e., the dierence between
the predicted values and PSCAD results for arc extinctioatthn are presented in Tables 5.5-
5.7. Arc extinction duration is the time duration betweemlthe single-phase isolation and the
arc extinction moments. The error values, in both millisetand percent, are associated with
the ideally-transposed, untransposed and partiallysprased line simulated cases. Format of
the absolute error values is converted to percent form baseehl arc extinction time durations
resulted from PSCAD. It should be noted that the absolute galues are used in the averaging

process so that early and late prediction results do noetandt each other.
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Regarding the overall performance of the window-based atinaion time prediction
method, average prediction error values for ideally-pased, untransposed and partially-
transposed line configurations are. 2%, 186% and 9%, respectively. The average error
values for compensated and uncompensated lines are ak¥ Bhd 137%. Therefore, the
proposed method has a better performance for partialhspased lines and in presence of
shunt reactor. Considering all the simulated cases, theogexl method is able to predict the

arc extinction time with average error as large a9%il

Table 5.5: Average arc extinction prediction time error of the window-based method for
an ideally-transposed transmission line in (ms) and percerof the real arc extinction time.

Fault location| 30% | 70% | 100%
Absence of | (ms) 52 | 52 67
shunt reactor (%) 17.3]17.3| 25.3
Presence of| (ms) 41 | 41 62
shunt reactor (%) 141 14.1| 236

Table 5.6: Average arc extinction prediction time error of the window-based method for
an untransposed transmission line in (ms) and percent of theeal arc extinction time.

Fault location| 30% | 70% | 100%
Absence of | (ms) 26 | 40 57
shunt reactor (%) 8.2 | 12.7| 18.7
Presence of| (ms) 66 | 84 59
shunt reactor (%) 18.4| 23.9| 17.8
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Table 5.7: Average arc extinction prediction time error of the window-based method for a
partially-transposed transmission line in (ms) and percenof the real arc extinction time.

Fault location| 25% | 50% | 65% | 80% | 90% | 100%
Absence of | (ms) 36 3 22 | 43 | 49 37
shunt reactor (%) 126 11| 7.8 | 15 | 17.2| 13.7
Presence of| (ms) 31 | 18 | 21 | 29 | 34 27
shunt reactor (%) 11 | 65| 74 | 10.2| 12.3| 10.1

The prediction error values resulted from the window-basethod in both (ms) and per-
cent are shown in bar charts of Figures 5.18 to 5.21. AccgrthnFigures 5.18 and 5.19,
comparing bars IA and IP for ideally-transposed transrarsbnes, the window-based method
is always more successful for shunt-compensated linesfdramcompensated ones, due to
smaller prediction errors. But the prediction is generailyre accurate in absence of shunt re-
actor than in its presence for untransposed lines, consgibars UA and UP, specially when
the fault happens at the middle parts of the line. Howeverpéstially-transposed lines, the
prediction precision depends more on the fault location tha compensation condition of the
line as seen in Figures 5.20 and 5.21. Eventually, the pezpoethod has a better performance

for partially-transposed lines than for ideally-transgeband untransposed lines.
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Figure 5.18: Average arc extinction prediction time error o the window-based method

for an Ideally-transposed (I) and an Untransposed (U) transission lines in Absence (A)
and Persence (P) of shunt reactor (ms).

Uo 1A Ho 1P Be UA o up
S -
. _
o 20 |
Q) - 1T - T
£
c
S 10/ |
0 :
5 %
9 AN i
o 0 g

30 70 100
Fault location (%)
Figure 5.19: Average arc extinction prediction time error o the window-based method

for an Ideally-transposed (1) and an Untransposed (U) transission lines in Absence (A)
and Persence (P) of shunt reactor (%).
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Figure 5.20: Average arc extinction prediction time error o the window-based method
for a partially-transposed transmission line in Absence (A and Presence (P) of shunt

reactor (ms).
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Figure 5.21: Average arc extinction prediction time error o the window-based method
for a partially-transposed transmission line in Absence (A and Presence (P) of shunt

reactor (%).

Performance of the method proposed for arc extinction tinegliption is also evaluated

employing a filed recorded data of Rockport station which wasmporary single-phase-to-

ground fault in American Electric Power grid on a 765 kV unsposed line with shunt reactor

only at one end [62]. Normalized instantaneous waveforngmnitade, the first derivation of

the faulted phase voltage and the approximating exporenirge associated with the field

data are presented in Figure 5.22.
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Figure 5.22: Normalized instantaneous waveform, magnitue, the first derivation of the
faulted phase voltage and the approximating exponential awe for the real temporary
fault case using the window-based method.

According to Figure 5.22 (d), exponential curve fitting isfpemed using &/4,p data win-
dow of length of 100ms or six power system cycles startingiftbe peak point. As observed,
the approximating exponential curve crosses the horitaxia exactly at = 300ms which
matches the event recorder information and shows a nelgligrediction error. Therefore, the

proposed method has a perfect performance for the realzethtgmporary fault case.
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5.3.3 Comparison of the prediction methods

The point-based prediction method is able to predict thextiaction time with average error
as large as 27%. The average error of this method for ideally-transppaattansposed and
partially-transposed line configurations is 32%, 31% an8%% respectively. This method can
also predict the arc extinction time by average error 09%band 252% for transmission lines
with and without shunt compensation, regardless of thesprasition condition of the line.

Regarding the overall performance of the window-based otkthverage prediction error
for ideally-transposed, untransposed and partiallysjpased line configurations is respectively
17.7%, 186% and 9%. The average prediction error in presence and absenteiof eac-
tor is also 153% and 137%, respectively. Considering all the simulated casesptbposed
method is able to predict the arc extinction time with errerlage as 19%. Therefore,
compared to the results of the point-based method, therelbeen a significant improvement
achieved in the precision of the prediction for the windoasé&d method.

Considering the performance of the two proposed methodthécase of the temporary
fault of the Rockport station, application of the point-bdsnethod has led to predicted arc
extinction moments o404 ms and+367 ms using two dierent criteria, or prediction error
values as large as &% and 546%, respectively, while the prediction error almost equals
zero for the window-based method. Therefore, the windosetlanethod has a much better
performance for the real temporary fault compared to thatgeased method.

Finally, both methods has successful operation for sinaraand test results while the
prediction of the window-based method are so closer to thidyeBut the point-based method

is much easier to implement and needs much less processiey.po
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5.4 Summary

In this Chapter, two methods for the secondary arc extindiroe prediction were proposed.
The proposed methods are developed for being used in makieigga decision on single-phase
reclosing in transmission lines when the fault is temporahe developed methods use the first
derivative of the faulted phase voltage magnitude. The iimsthod, namely the point-based
method, uses only two point of the voltage derivative wanefahe peak and the minimum
of the waveform in a predetermined time period, after sikpdlase isolation of the line. The
second method, called the window-based method, uses awiofdbe voltage derivative data
after the single-phase isolation of the line. Both methaat$ &icceptable performances while
the results obtained from the window-based method were m@ese. In fact, the average
prediction error of the window-based method was9%4 versus 27% error for the point-
based method. But the point-based method was much easimapternent and needed much

less processing power.



Chapter 6

Conclusions

In this research study, the first aim was to develop an adaptiethod for single-phase re-
closing in high voltage transmission lines. The developedhod must be able to recognize
the fault type including permanent and temporary and atsadletect arc extinction for tem-
porary faults. The method was also supposed to be localto.ese only local measurement
data of the substation. The other alternative is to be congation-based and therefore, to
use measurement data associated with other substatiolne pbtver system. This was not a
subject of this research work as communication facilitiesreot always available. The devel-
oped method had to be comprehensive as well, meaning it reustlial for transmission lines
with different kinds of transposition conditions including idedtgnsposed, untransposed and
partially-transposed, and also foifférent compensation conditions including shunt compen-
sated and uncompensated.

The second aim of the project was to propose a method to prtb@i@rc extinction time
well in advance. This way, when the arc extinction processosslow, the protection system
will have the option of issuing the three-phase trip signatead of single-phase reclosing de-
spite the temporary fault detection. The importance offdasure is the fact that during the sys-

tem operation with one phase opened and two phases clogedivessequence volta@geirrent
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components are injected to the system that can have harfféat€ such as overheating of the
generators.

In the thesis, two adaptive reclosing methods were propimsebe first part of the project.
The first proposed method, called the angle-based methddymped the reclosing task using
phase angle of the faulted phase voltage. This variable wgdoged for both purposes of
fault type recognition and arc extinction detection. Theosel proposed method, called the
phasor-based method, used the first derivative of the thplbase voltage magnitude for the
fault type recognition, and the first derivative of both miagehe and phase angle of the faulted
phase voltage for the arc extinction detection.

It was shown in Chapter 4 that both methods had successfuatoges for all 550 sim-
ulated cases, including lines with ideally-transposedramsposed and partially-transposed
configurations and also, forfierent transposition conditions including compensateduamd
compensated. As a comparison of the performances of thegedpnethods for the simulated
cases, the phasor-based method had a better performararimainent fault cases while per-
formance of the angle-based method was more successfldrfgrarary fault cases at both
fault type recognition and arc extinction detection. Al angle-based method had a simpler
algorithm as it uses only one variable, i.e., the phase arighe faulted phase. In addition, the
angle-based method was less sensitive to noise and fasiteinémas it uses the data itself and
not the derivative of the data. Therefore, for selectiorhefrnore beneficial method a tradé o
must be made.

For the second part of research, two methods are develop#uefarc extinction time pre-
diction purpose. Both methods are using the first derivaifivibe faulted phase voltage mag-
nitude. For this purpose, the derivative waveform was agprated by a decaying exponential
curve for each method and the roots of the curves would berddigbed arc extinction time.
The first method, called point-based method, uses only twatgof the curve for the predic-

tion task. The second method, i.e., window-based methas, aisong window of information
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for the prediction purpose. Both methods have local opmnatand therefore, no communica-
tion facilities are needed in the structures of the methédiso, they both are comprehensive,
i.e., are valid for transmission lines withffirent transposition and compensation conditions.
Performances of the both methods were verified using 225 atedtemporary fault cases and
a field recorded case where both methods had successfulrparfoes. As a comparison of the
performances of the prediction methods, the output of timelaw-based method was closer to

reality while the point-based method is easier to implena@dtrequires less processing power.

Suggested future works:

Regarding continuation of the research, as a very immediajgestion, the two proposed
reclosing methods can be combined together to obtain onmmiapt reclosing method. The
combined method will have the best performance for both paent and temporary fault cases.
The second suggestion is to implement the proposed methdédBGA and other industrial
hardwares and to evaluate their performances in terms gisity, processing time, etc.

Nowadays, application of single-phase auto-reclosingregie is more common in dis-
tribution systems than in transmission systems. The maisore for this is the fact that in
transmission lines, the short circuit current level is maayher than the load current while
they are almost at the same level in distribution networkieer&fore, there is no consider-
able demerit in applying the reclosing technique in distiitn systems. Also, it will be more
beneficial if the fault type is known before reclosing in dition systems. Therefore, as
the concepts of the developed reclosing methods in thisresetudy are independent from
the voltage level, one good suggestion for continuatiorhefresearch work is to apply the
developed methods to distribution systems consideringatp@ired modifications.

The reason that the proposed reclosing methods were losathgdact that in many sub-
stations, communication facilities are not available. rEfi@re, the forth suggestion is to add

communication facilities option to improve the performasof the methods. In this case, the
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improved methods will be applicable wherever the facsiigist. Although there are currently
communication-based methods presented in the literatutehe reclosing methods proposed
in this research operate almost at the same speeds. Theradfloing communication facilities
can improve the performances even further. However, threreeatrictions mentioned inftier-
ent documents such as IEC 61850 Standard regarding ComationidNetworks and Systems
in Substations that must be considered for the improved oasth

The proposed arc extinction time prediction methods, spigeche window-based method,
are working based on some simplifications applied to theciestsal equations. Therefore, itis

proposed to try dferent techniques for solving the equations and then contpanmesults.
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