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Abstract—Transient single-phase short circuits are the most
common transmission line faults. The short circuitarc of a
transient fault is usually self-extinguishing afteropening the line
circuit breakers. High-speed single-phase reclosing of
transmission line can help to improve system stalify. Employing
a pre-set reclosing interval may pose problem if th time interval
is not sufficient to fully deionize the fault arc.It is desirable to
have adaptive reclosing interval and fast detectionof arc
extinction, which could facilitate successful higtspeed reclosing
of transmission line and bring benefit to the systa stability. A
new adaptive reclosing algorithm is proposed in tlsi paper. It
uses the pattern of the faulted phase voltage in ¢hcomplex plane
to distinguish between transient and permanent fat$ and is also
able to detect the time when the arc is extinguisde Theoretical
analysis is provided to support the technique. In @dition, the
performance of the proposed technique is verified sing a
recorded field data from 765 kV transmission line ad several
cases simulated in EMTP including detailed arc andCVT
modeling.

Index Terms— Adaptive Single-Phase Reclosing, Secondary
Arc Extinction, Four-legged Shunt Reactor Compensébn,
EMTP Simulation.

I. INTRODUCTION

F or Extra and Ultra High Voltage (EHV, UHV)
transmission lines, the setting of reclosing timeetival is
based on the maximum deionization duration of fanit [1]
and other system requirements. . For high voltesygsiission
systems, short circuit capacity of the system Uguatreases
with the higher system voltage level. The highesrskircuit
power results in higher fault current and longer extinction
time that requires the reclosing time interval eodxtended to
allow deionization of the air gap at the fault goif2].
Application of single-phase reclosing helps to @ase the
system stability limit as system voltage and skoxtuit level
increase.

each end of the line. By appropriate selection etitral
reactor, the arc current can be limited and exisigad fast
[3], [4]. This method is more effective for transgd lines
than untransposed lines. Whereas, use of a fogetegeactor
at one end and another four-legged reactor withtchimg
scheme has been applied for untransposed linesrathigh
voltage levels [4][5].

Fixed reclosing interval setting is applied to rmiyjo of
transmission lines. It may cause problem if thestinterval is
not sufficient to fully deionize the fault arc. Threclosing
before arc extinction results in arc restrike aodld cause the
line protection to trip again, which may incur matess to
the power system. Under certain conditions, théoseeonto-
fault may put system stability at risk or damage ¢lquipment.
Hence it is desirable to have adaptive high-spestbsing
that uses variable open time interval to allow bineaker to
close only after the fault arc has extinguished.

Most of the techniques available or presented ia th
literature for adaptive reclosing are based on baim
components of faulted phase voltage taken afteakiere
tripping [6][7][8]. These techniques were tested on
transmission lines under certain system configonsti
However, the pattern of the faulted phase voltagd #s
harmonic components varies drastically when trassiom
line is transposed, partially transposed or unpassd, shunt
compensated with four-legged reactor that may oy meat
have switching capability. Practical adaptive siaghase
reclosing algorithm has to consider all these diod and
perform proper operations under any system cordiipms or
arcing conditions.

Few papers also propose a hybrid reclosing scheitebke
for UHV transmission lines in which first the faedt phase is
tripped; then, the remaining two phases are trippida a brief
delay. After three phase opening, the remainingrgdth
energy in line capacitances and inductances waltl fthe arc

According to statistics, more than eighty percerit dillitis consumed and arc is quenched. In thisecdf the fault

transmission line faults are single-phase to grdantts and a
high percentage of these faults are of transig.tyherefore,
most of the line faults could be cleared by usiighlspeed
automatic single-phase reclosing. If arc is extisiged
completely before the first shot of reclosing, ttleance of
successful reclosing would be maximized.

In order to have successful high speed reclosiiftgrent
methods have been applied to extinguish the aterfa®ne of
the common methods is to use a four-legged shattoe at

is transient and arc is extinguished, a sinusadgial with a
non-zero DC offset in faulted phase voltage apptes can
be simply detected as a sign of arc extinction 1@
Whereas, if the fault is permanent, the faultedspheoltage
becomes zeros and a permanent fault can be sirafegted.
The proposed algorithm in this paper uses the ipatiethe
faulted phase voltage in the complex plane, whictompared
with the other two healthy phase voltages to digtish
between transient and permanent faults and alsdetect
when the arc is extinguished. Theoretical analisigovided



to support the technique.
A typical system including transmission line, shradctors,
CVT is simulated in EMTP. The fault arc is also pedy

all the following cases.
The equivalent circuit in Figure 1 (a) is rearrashgend
simplified in Figure 1 (b) to obtain the faultedgse voltage.

modeled. MATLAB is used to implement and verify theAs shown in this figure, immediately after isolatiof the
algorithm. The performance of the proposed algoritts faulted phase, the phase voltagedvops as the line becomes
validated by using EMTP simulation of various caseisolated from the source. In this case, the faytesse voltage
characterized by permanent and transient faults)sposed can be estimated by (1).

and untransposed lines, with or without four-leggedctors, R,.l] (L)

using different neutral reactors, different arcgmaeters and V= T \jwCo (Eh+Ek) )
different fault locations. The performance of theopmsed s R ”(. 1 )+ 1 2

algorithm is also verified by using data from a lrea TNl T jwi(C-C)

transmission line.

In this paper, the theoretical analysis is preskiteSection
II. The system modeling is described in Section The
observations from simulations and the analysisgiven in
Section IV. In Section V, the proposed adaptivelogng
algorithm is explained. The verification of the posed
algorithm is discussed in Section VI.

Il.  ANALYTIC ANALYSIS

In this section, an analytic approach using steathite
equivalent model with valid simplifications is eropéd to
investigate the faulted phase voltage signal pattafter
transmission line trip in case of permanent andsient faults.
The resistance and conductance of the equipmerigaoeed
as they are negligible. The source impedancestatdmals of
the transmission line are ignored compared to tine |
coupling impedance between phases. This analysis
performed for transposed and untransposed lined wit
without four-legged reactor. The transmission liméth
neutrally grounded shunt reactor is excluded as dhe
extinction time is typically long for this case asitigle phase
reclosing is not recommended and effective [1].

A. Transposed Line
1) Without shunt reactor

For a transmission line, after single phase isofatithe
secondary arc current comprises of both capacitwel
inductive coupling components. Figure 1 (a) showse t
capacitive coupling circuit for a transposed linghaut shunt
reactor. The rearrange and simplified circuit isowh in
Figure 1 (b). In this figure, Hx is h, k or s) is the average of
phase x voltages at line ends (sending and recgieirds).
This simplification is valid and helps to simplifiye analytical
analysis and does not impact the proposed algoifihm

The inductive component depends mainly on the load

currents in the healthy phases, mutual inductivaptogs
between healthy phases and equivalent admittancéheof
faulted phase [5]. The inductive component can bdeted as
an impedance added to a voltage source equivakent
(En+EQ)/2 (see Figure 1 (b)); nevertheless, it is neglagiand
consistent assuming that the healthy line loadeciisr do not
change considerably after line isolation. Since pheposed
algorithm is based on the movement trend of faufibdse
voltage rather than the absolute voltage magniardeangle,
it is not adversely affected by the presence ofititictive
component. Hereafter, the inductive component norigd for

Where,

V¢ Voltage of faulted phase at line end

R.re Arc resistance

Co: Zero sequence capacitance of transmission line
C.: Positive sequence capacitance of transmissien lin
En: Source voltage of healthy phase (average of botls)
E«: Source voltage of healthy phase (average of botls)
Es: Source voltage of faulted phase (average of botls)
®: angular velocity

j: complex operand

||: impedance parallel operand

Immediately after the trip of the faulted phasenfrboth
line ends, the arc resistance is still small coragdo the line
shunt capacitive impedance. Hence, (1) can be ctad/é¢o
(2) to estimate the faulted phase voltage) (vnmediately
diter line faulted phase isolation. According to), (2he
magnitude of VY (]Vy|) increases with the increase in arc
resistance. In addition, the faulted phase voltagds (E+Ey)
by 90°. Since the phase angle of{E,) is about -180° (180°),
as shown in Figure 2, the angle of faulted phadeage is
about -90°.

Rarc Eh+Ek
Vi=— ( 2 )
J'w%(cl'co) (2
1
RaueK—= and Ry &K ————
T wC " jwd(Cy-Cy)
Sw
% R == =x=C, === x=(C-Cp))
(a) |
t SW |
+ (Ci-Cy)=2/3
E,, VS Ran: p— C:
- (Eh+E;)/2
v

(b)

Figure 1. (a) Equivalent circuit, (b) rearrangedtuit, transposed line without
shunt reactor



If the fault is a permanent fault,s Would consistently lead compensation is not ideal in practice and line chbe treated
(EptEy) by 90° and | stays small. However, if the fault isas lumped impedance, the parallel branch is ecgrivalo
transient, the arc resistance would increase amdRfhcan be either a large inductor or a small capacitor.
treated as infinity when the arc is extinguisheddé&l such In this case, the faulted phase voltage can benasd as
condition, (1) is converted to (3). According to),(3Vs below.
becomes in phase with{H,), as shown in Figure 2.

1\
2(Cy-Gy) (Eh+Ek) _ R”C”(i{nco)ll(lw(Ll+3L“)) (Eh+Ek) )
e e — s ] 2
T 20,+C \ 2 3) Rarel| (sg5s) 11 (oo (La+3L)) +2

Rare> Where,

jowCy

If transient fault is not close to the line endw tesulting
arc resistance would be higher before and rigletr dlfte single
pole tripping. This will result in lower voltage ap in
comparison to the case of close-in fault. Howethez, voltage
drop before the tripping is significantly lower laese the line
impedance is also in the fault path. Furthermosgex (3), the
angle of faulted phase voltage leadgH) by less than 90°
after tripping due to higher arc resistance.

As defined earlier, Eand E are the averages of phase x v _h(Eh‘i‘Ek)
voltages at line ends. For a typical line protettithe voltage ST 7 ) 2
at remote end is not available. Therefore, the agewvoltage .
cannot be obtained. However, replacing the avevad@ge Ra”«m and Rare <o (L1 +3Ly)
with the local line voltage does not adversely ioipthe
proposed algorithm because the movement pattenvebat
the faulted phase voltage and the healthy phakageowill A
be used instead of looking at each individual \gdtaalue. En
Hence, the error in phase shift or magnitude of hialthy Sw | | !
phase voltage has little effect to the algorithm. s R Co T

Z is the equivalent impedance of the parallel bihan

Vs can be estimated by (5) at the moment after sipgle
tripping. As per (5), | increases with the increase in arc
resistance. In addition, \fags or leads (HE,) by 90° based
on the characteristic of impedance Z (inductivecapacitive
respectively). Since the phase angle oft+f) is about -180°,
the angle of Ybecomes about 90° in case of inductive Z or -
90 degree in case of capacitive Z.
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Vs Vs Transient fault 2Ly

Immediately after isolation Permanent fault after arc extinction
Figure 2. Phasor diagram of faulted phase voltageaf transposed line (m
without shunt reactor o o = =
2) With four-legged shunt reactor SW +
As mentioned earlier, it is a common practice te faur- E. @ Vs 2 Rore ==C, L,+3L,
legged reactors for shunt compensated lines tot limé - T " (EntEN)2
secondary arc current for faster and successfylesiphase +|s
reclosing scheme. By appropriate selection of tleetnal ’ y
reactor, arc current can be limited and extingudsiester (b)
[3][4]. This method is effective for transposedelsn whereas, Figure 3. (a) Equivalent circuit of a transposeshsmission line with four-
use of switching devices and schemes for shuntaoeacan 'e99ed shunt reactor. (b) Simplified circuit
be applied for untransposed lines at very highaggtlevels  |f the fault is a permanent fault,s Would consistently lag
[4]. In this paper, the analysis is not provided flour-legged or lead (E+E) by 90° and its magnitude stays small.
reactor with switching schemes. However, the sanadytical However, if the fault is transient, the arc resis&@ would
approach can be applied to those applications. increase and when the fault arc is extinguishegcah be
Figure 3 shows the equivalent circuit of a trangpos estimated by (6). Normally transmission lines ateurs
transmission line with four-legged shunt reactos.shown in  compensated at a level below 70%. Therefore, itaigd to
Figure 3 (b), an inductive branch in parallel withe assume that the equivalent impedance of the fggele shunt
capacitive branch is added as compared with Fig@o® In reactor and line zero sequence capacitance is itimpaand
order to cancel out the capacitive coupling comptne equal to 1/@Cey). In this case, the Ms either in phase or out
inductive and capacitive branches must resonate.néutral of phase with (E+Ey).
reactor is selected to meet this condition. Sinte t




( 1 ) _ CEntCyEy
_ \JwCeq/ (En+Ex ST Cyp+Cy+Coy
VS_T(T) 1 ©)
1 1

TR (6) R, >——
]'(.Oceq ijolllm(L1+3L“) arc jwCqy

Comparing (7) and (1), this case is similar to ¢thse of a
transposed line without shunt reactor except thatet is a
phase shift because of non-transposition. As shiowigure
6, the similar pattern can be obtained for permafarits and
transient faults.

KZ

1
R‘m»jm—c , Rarc>>joo(L1+3Ln) and
0

eq
In a nutshell as demonstrated in Figure 4, if theltfis

permanent, the faulted phase voltage magnitudeaagté do
not change with time after line isolation. Wherefs, the

transient fault, the faulted phase voltage mageitintreases )
. . . .. . Ek Chk+
as the arc resistance increases till the arc isgished. '@
Moreover, the angle of faulted phase voltage atntmenent E,n , Sw Can=  =Cy
when the arc is extinguished lags 90° the angldaanfted @E
phase voltage immediately after line isolation. * R..c B I B
(a): Zis Inductive
(a)
En+Ex V. En+Ex Ve En+Ey I
2 i Es 2 i Es 2 Es SW [ 11
<——> > |
Vs + (Csh+Csk)
Transient fault E Vs DR, C..E.+C..E
Immediately after isolation Permanent fault after arc extinction ° il S Cen M
+I (C$h+C$k)
S
(b): Z is Capacitive
(b)
En+E, Ex+E En+E
% E. th E % E Figure 5. (a) Equivalent circuit of an untranspos@msmission line without
4_:_; 4_3_,5 <-——— shunt reactor. (b) Simplified circuit
Vs
Vs Vs Transient fault Ey+Ex En+E, v
Immediately after isolation P t fault incti e - v
y ermanent fau after arc extinction 2 E, 2 E| g4k, E,
Figure 4. Phasor diagram of faulted phase voltagasposed line with four- :v :V;s 2 'Vs > ’
legged shunt reactor i o ) Transient fault after arc
Immediately after isolation Permanent fault extinction

B. Untransposed Line
Figure 6. Phasor diagram of faulted phase voltage,untransposed line
1) Without shunt reactor without shunt reactor

Figure 5 shows the equivalent circuit of an untpmsed
line without shunt reactor. As shown in this figure
immediately after isolation of the faulted phadee woltage
drops since the voltage source is isolated andesistance is
small. In general, the faulted phase voltage caestienated as

2) With four-legged shunt reactor

Figure 7 shows the equivalent circuit (a), the naaged
circuit (b) and the simplified circuit (7) of an twansposed
transmission line with four-legged shunt reactorcdrding to
Figure 7 (c), the faulted phase voltage can bemestid as

below.
below
1
Rarc TnC_ .
Ve Il (]mcsn) (CshEh+CskEk) ) Rl % [|(jo(Ly+3Ly,))
: R ” ( 1 )+ i 1 Csh+csk VS= :]l sn Eeq (10)
joCsn/  jo(Csp+Cy) Rm||m||(jm(L1+3Ln))+Zeq
The faulted phase voltage at the moment afteriiakation
. . : o Where,
is obtained from the following equation: . . . L
Zeqis the equivalent impedance of the grayed circuit
V= Rarc (CshEh+CskEk) Eeq s the equivalent source of the grayed circuit
) ; Csh+csk
joo(Csp+Ci) (8) The faulted phase voltage immediately at the moraést
Ry - and R, <« - line isolation is obtained from the following edgjoat
](*)Csn ]m(csh+csk)

In case of a transient fault, when the arc is gxtished, the
faulted phase voltage can be estimated as (9).



(11)

1
Ryre e Rare<jod (L +3Ly) and R, KZqq

wCqpy

In this case, when the fault is extinguished, thaltéd
phase voltage can be estimated as below.

( 1 )
jwC,
A E

s
Zeg

1 1 . 12
o =iac, li00a¥3Ly) (12)
eq

€q

1 1
Rare® —— , Ry ®jw (L +3L,) and j(u_C«Z

eq
](DCO eq

Comparing (12) and (4), this case is also simiahtt of a
transposed line with four-legged shunt reactor pidbat
there is a phase shift because of non-transpositiba same

pattern as mentioned earlier applies.
LV
La

Chl.
Can % = Cu

1
° 1l
i (Car*Ca)
E (E+En)2
: VsQRuwe SLi43L, 2= C.|  (CaEntCaE)
i (Car*Ca)
(b)
0 —
SW . Z..
: Vs@Ru 3L 43L, = C .
a

Figure 7. (a) Equivalent circuit of an untransposadsmission line with four-
legged shunt reactor, (b) Rearranged circuit, iitip8fied circuit

The approach can also be applied to the case of
untransposed line with four-legged reactor with teling
schemes as proposed in [4][5]. In that case, theévalgnt

A. System Modeling

In this study, a typical 500 kV system with a horital
tower configuration is simulated in EMTP. Considerithe
frequency range of study for the system under itnyaison,
equivalent networks at two sides of the transmisgioe are
modeled appropriately. The SIRs for the left amghtrisources
are set to 0.12 and 0.175. The higher SIR resnlthigher
short circuit current and higher ionization of tredated arc
thus higher arc extinction time. Wave impedancesefach
source are set to 200 for each end. Figure 8 shows the
single line diagram of the network under study.

Frequency dependent model (JMarti) is used for texac
modeling of 324.3 km transmission line [11]. Theeliis split
into three parts {30%, 40% and 30% of line lengitnpe able
to simulate fault at {0%, 30%, 70% and 100% of lieegth}.
Conductor positions and line configuration has belesnged
during the study to simulate transposed and unpesed {a-
b-c, a-c-b, b-a-c} lines. In the horizontal toweméguration,
a-b-c configuration means that the left conductraj the
middle one is b and the right one is c. A threesgh&58.7
MVAR reactor at each end are used to verify thdgperance
of the proposed technique for the cases with sheattor.
Each 158.7 MVAR reactor has been modeled by ateesis
of R=5Q in series with a reactance of X= 157%3 Neutral
reactor is modeled by a single-phase reactancerédigtance
of neutral reactor is ignored due to its negligibfect.

In order to minimize the secondary arc current, the
equivalent balanced neutral reactor impedancelcsileaed as
below [12].

B;=wC;=0.0017 S
By=w(Cy=0.0011S
1 1
k= X,B; 787.65x0.0017
B;-By
Xn= 3FxB; x(By-(1-F)xB;)

SYSTEM AND ARC MODELING

=0.741

(13)

=259.92Q

Where,
B1: Positive sequence line susceptance (Siemens)
Bo: Zero sequence line susceptance (Siemens)
F: Shunt compensation degree
X;: Equivalent reactance of line shunt reactors
X Equivalent reactance of neutral reactors

anConsidering two identical four-legged shunt reastairboth
ends of the simulated transmission line, the neug@ctor at
each end is set to 519@ = 2x259.92Q. Sometimes the

impedance matrix of four-legged shunt reactor ist n@ptimized neutral reactor may be unavailable sheh neutral

symmetric. Nonetheless, similar equivalent cirastFigure 7
can be obtained. Therefore, the same pattern dtethphase
voltage would apply.

In order to support the theoretical analysis, atersive
modeling and simulation study is performed. Nexttisa
describes the system modeling briefly and simufabiased
analysis is presented in Section V.

reactor with higher or lower impedance are actuafigd. In
this study, as shown in Table 1, three neutral tozgaovere
used to cover possible cases in practice. Typiesistances
are selected for the selected reactors.
Since the proposed adaptive reclosing method iechasa the
faulted phase voltage, an appropriate CVT modelsisd to
include any impact of CVT transient on the proposed
algorithm [14].

The output of each phase of three phase CVT madel i



passed through an antialiasing filter with cutoBduency of
1920 Hz and recorded with sampling rate of 3840 Hze

recorded data is later used in MATLAB to verify the

performance of the adaptive reclosing technique.

TABLE 1. PARAMETERS OFMODELED NEUTRAL REACTORS

Neutral Reacto X R
Balanced 519.8 1.7
High 700 | 2.33
Low 300 1

Var
Vor
Ver

Anti-aliasing
Sl
i .' ‘#——t——{FD Line }{FD Line}{FD Line
a N

1ph Arc
Model

..

3ph

Breaker
status

Figure 8. Single line diagram of the system untigd\s

B. Arc Modeling for Computer Smulation

Reproduce of the real arc behavior by computer Isitioun
is very hard due to the extremely random charatterof the
arc. Extensive research has been performed to atetyr
model the arc behavior. Several input parameteypsimed for
proper arc modeling could be obtained only by mesment.

Parameters extracted from measurements can be tosed;.

facilitate an arc model that reproduces the masratteristic
of that specific arc measurement. Such a model hggre

less reliable results for other arcing conditioms the same
line, or completely inaccurate results for experntsecarried
out on other lines with different length, voltagevél and
conductor arrangement [14].

However, simulation of the process that leads te th

secondary arc extinction can be a valuable tookéarsitivity

studies to identify the main influencing factorsddn find the

invariants, which are necessary to compile gere=dli
diagrams for the estimation and detecting of theeeatinction

time [15][16].

In this study, EMTP is used to model a secondacy As
shown in Figure 9, arc resistance has been modated
controlled resistor between phase and ground cdoduc
More details about the arc modeling method aregmtes in
[15][16][12]. The fidelity of the selected arc mdidg method

TABLE Il. ARC1, ARC2 AND ARC3 PARAMETERS

Ug (vicm) | b (M) | 1o (Mmsec)
Arcl 12 3.5 0.714
Arc2 8 3.15 0.555
Arc3 11 3.5 0.833
Where,
Up is the arc characteristic voltage.
1o is the initial time constant.
lo is the initial arc length.
EMTP MODELS
u ( )
>
Time Lare > Primary,
\72r)’ing Rurc And
Resistor Secondary,
< On-off Arc Model

(Secondary
| arc only)

Figure 9. The method of arc modeling in EMTP, u: secondary voltage

IV. SIMULATION -BASEDANALYSIS

A. Permanent Fault

Figure 10 shows and |\ for various permanent faulis
defined in (14). In all simulated cases, a singhage A to
ground fault occurs at 0.2 second and the lineatated from
the side A at time 0.27 second and from the otluer at time
.28 second. As shown in these figurgsaries slightly after
ine isolation and remains constant after that.aBse of the
system transients after line isolation, phasormesion and
additional filtering, it takes almost 2-4 cyclei & becomes
consistent. |\ also drops after line isolation. Similar dpit
takes almost 2-4 cycles for{\o become consistent.

8= U (Ey+E)- L] E (in degree) (14)
Eh=Eb B EszC and ES=Ea

B. Transient Faults
1) Without shunt reactor

Figure 11 shows, |V, and the arc current,{ for the
modeled transposed line without shunt reactoritn¢ase, arc
occurs close to the Side A. As showindrops immediately
after line isolation at 0.28 second and then slamtyeases at
0.38 second from angle -109.4° to about -11.8° @amdains
constant after 0.6 second. As shown in Figure }lg is

was validated by comparing the modeled arc witheoth extinguished at time 0.57 and due to filtering afted and

simulations and the real arc waveforms [17][18].

Since the purpose of this paper is to analyze thdted
phase voltage pattern, an appropriate arc modhbltivite sets
of typical data that leads to three different aradels (Arcl,
Arc2, Arc3) is used. Typical values for the arc graeters
were taken from [17]. In addition, according to Teah, three

phasor estimation, the arc extinction is only reipable bys
and |\ not sooner than the time point of 0.6 seconds i
almost the same in all the studied cases. Simjl§¥y drops
immediately after the line isolation at 0.28 secamdl then
slowly increases at 0.38 second and remains cdrestizn 0.6
second.

parametersgily andty were varied around their typical values According to the simulation results, the angle aiilfed

to generate three different arcs [12].

phase voltage taken after arc extinction lags thletn after
line isolation by 90° for transient faults. It alseeans that the



d after arc extinction is 90° more than thafter line isolation.
In addition, the angle and magnitude of faultedseheoltage
becomes almost constant after arc extinction. Asatetrated
in Figure 11, the same pattern is found in all siraulated
case. The 10° to 12° shift éfin different simulation cases is
mainly due to the replacement of the average pfER with
the local voltage measurement at Side A and sewatrave-
mentioned simplifications in theoretical analysis.

Figure 12 showss, |V and ji. for the simulated
untransposed line (a-b-c) without shunt reactorm@ared
with the transposed line results, the angle after isolation
and the angle after arc extinction are shifted;caspared with
the case of a transposed line. However, shafter arc
extinction is still 90° greater than tleafter the line isolation.
The magnitude of faulted phase voltage,|j|dlso follows the
same pattern as transposed lines.

Transposed
Permanent Fault, 0%, 1 ohm Permanent Fault, 0%, 10 ohm
100 100 H
T T
o
o 150 5 150
o @
T T
3 o0 % 0
0.1 02 03 04 05
) 04 02 03 04 05
Timets) Time(s)
80
80
o0 60
g m % 0
g >
2 “
=2n
b b
0.1 02 03 04 05 X] 02 03 04 05
Time(s) Time(s)
(a) (b)
Untransposed
Permanent Fault, 0%, 1ohm Permanent Fault, 70%, 10 ‘ohm
_w . 100
2 —_
o o
5 150 £ 150
3 3
B 200 % 0
0.1 02 03 04 05
Time(s) 0.4 02 03 04 05
Time(s)
80
80
60 S o0
2 0 gl
(J >
> [
2 2
9 0
041 02 03 04 05 0.1 02 03 04 05

Time(s) Time(s)

(c) (d)
Figure 10. Faulted phase voltage pattern for varicenditions in case of a
permanent fault

Figure 13 is out of the same simulation configumratas

used for Figure 11, except that the fault occurgCdo of the
line length. Since the fault is not a close-in fatlle arc model
presents a higher resistance before and afteirtbaslolation.

In this case,d increases immediately after line isolation

without any transient drop and becomes constaet dfine
0.59 sec. In this casg,after arc extinction is 66° more thén
after the line isolation. In this case||\drops drastically after
the line isolation due to the presence of line idgmee in the
fault path. After the line isolation, |Ms slightly greater than
that in the case of close-in fault because theresistance is
higher.

1) With shunt reactor

Figure 14 shows, |V and j, from a transposed line with

four-legged shunt reactor and a close-in trandeunit at Side
A. As shown,s drops immediately after line isolation at 0.28
second and then slowly increases at 0.38 second drtgle -
128° to about -27° at time 0.52 and becomes ogmilla
afterwards. Similarly, |y drops immediately after line
isolation at 0.28 second and then slowly increagts time
0.38 and becomes oscillatory after time 0.52 sec@sdit is
shown in Figure 14 (i), the arc is extinguished at time 0.45
and due to the filtering of data, the arc extinttican be
detected frond and |\ at time 0.52 second where thend
|[Vs| becomes oscillatory due to the resonance betdieen
capacitances and four-legged shunt reactor. Thadnigst the
same in all the studied cases with shunt reactor.

Figure 15 shows, |Vd and j. from an untransposed line
(a-b-c) with four-legged shunt reactor and a cliostransient
fault at Side A. Compared with the case using passd line,

d increased immediately after line isolation anddtedter arc
extinction are shifted as compared to the casetrdresposed
line. However, the after arc extinction is still 100° greater
than thed after line isolation. |y follows the same pattern as
that for untransposed line without four-legged ghreactor.

Similar to the line without shunt reactor, if treuft is not a
close-in fault, the arc resistance at the time smiation is
higher than that from a close-in fault. In thisedsincreases
immediately after line isolation without any tragrsi drop and
becomes oscillatory when the arc extinguishes.dTaker arc
extinction subtracted by th& after line isolation is less than
90°. |V also drops drastically after line isolation andreases
slowly till the arc is extinguished ands]\becomes oscillatory.

C. Observations

Based on the theoretical approach and simulaticoltse
described in Sections Il and 1V, the following fcivere
observed.

Fact 1. In case of a permanent fault, the faulted phase
voltage magnitude and angle remains almost constant
after line isolation after the switching transieare
damped.

Fact 2. In case of a transient fault, the voltage magnitude
drops immediately after the line isolation and tliten
slowly increases until the arc is extinguished.

Fact 3. In case of a transient fault, after the line iSolat
the angle s either drops immediately and then
increases slowly, or increases from the beginning
until the arc is extinguished.

Fact4. In case of a transient fault, when the arc is
extinguished, the magnitude of faulted phase veltag
(IV4) either becomes constant after a small drop or
becomes oscillatory with a constant DC component.

In case of a transient fault, when the arc is gxtished, the
angled becomes constant or oscillatory with a constant DC
component.
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V. ADAPTIVE RECLOSING ALGORITHM

Actual Fault Clearance Time =0.545 . )
0 oz T ; Based on the above-mentioned facts, a new algorithm
= .—//§°1519§9 proposed to detect a permanent fault and the timero
v : extinction in case of a transient fault. Figure $6ows the
200f PR Sy, ossmrsesenfras s funcsroneee] foreeeeene] block diagram of the proposed technique. The adapti
28 M e P reclosing function can be initiated either by higpeed
. , . ; : . protection or the breaker open status. The bregfen status

can be detected either through auxiliary contachaugh CT

s{degree)
g
}\\'
L

| xomn , . ] secondary current [19]. The breaker interruptioousth be

S : , , , ] detected in less than two cycles in order to detieet fast

M e Y extinguishing arcs. If the fault is a single-phaseground

200 . . . . . fault, the faulted phase voltage is selected byseleelector

= : and the adaptive reclosing algorithm can be imtatAs

20 . shown in Figure 16, it is assumed that the CVTsiemt filter
- ; ; ; ; in the line relays will be used for voltage phasstimation.

02 03 04 “ﬁime(s‘;-“ 0r 08 05 1 Angle § is calculated from (14) and compensated by +360°

to ensure that it does not encounter a shift frb802 to 180°

Figure 13. Faulted phase voltage and current pattecase of a transposed and vice versa.

line without shunt reactor and a transient faultGo of line length



The magnitude of the faulted phase voltage)|\s Fact 2 to Fact 5 can be used to detect the tranfsiett and
monitored to determine the reference timg) (t.; is the time the time that arc is extinguished. As per Factn@ 4, [\
that |\ starts increasing after the drop that occurg difte  slowly increases afteret till the arc is extinguished. This
isolation. s can be determined easily by calculation of theneans that, aftef.t |Vsis positive till the arc is extinguished
minimum |V after the initiation. If || keeps to be greater where |\{; either becomes negative and then zero or becomes
than its minimum value for a cycle, the time paafier that oscillatory with a zero DC componeris per Facts 3 and 8,
cycle and the correspondidgare assigned tatandds. If the slowly increases afteret till the arc is extinguished. This
reference time could not be found within 5 cycldtera means that, after 64 is positive till the arc is extinguished
algorithm initiation, the time point after the 5atgs and the where 63 becomes zero or oscillatory with a zero DC
correspondingd are assigned tg.tand 3, The latter case component. Simply by checking the above-mentionédria,
normally happens only for permanent faults becatlee the permanent fault and transient fault with arinexion time
voltage magnitude does not increase after linefsmi. can be detected. Few counters and timers are @sd to

After algorithm initiation,d and |\{| is low-pass filtered to increase the reliability of the algorithm by cheakithe output
attenuate all the unwanted transients above 15THen, the of the algorithm for several time steps.
long-window derivation of the filtered signals ibtained by

fitting a line to the last 6 cycles of the datangsieast squares VI. RESULTS
method [20]. The slope of the fitted line is useddaalong- In order to verify the performance of the proposed
window derivation. This method provides a smootHd ang|gorithm, 320 cases have been simulated in EMTies@
reliable estimate for derivations &&and [\{. cases vary in line transposition, shunt reactorrgactor, with
four-legged reactor, neutral reactor with differe@&ctance},
Va, Vb, V¢ fault locations, and fault types.

According to the simulation results, the type df fault is
detected correctly in all 320 cases. Table 3 toléf&bshows
the average processing times required by the peapos

Anti-aliasing Filter

+ . . .
Breaker )| CVT Transient Filter glgorlthm to det_ect the permanent faul'ts or thegeatmctlon
interruption + in case of transient faults. The processing timavisraged for

three different arcs as introduced in Table Il.

detector Phasor Estimation/

From Table 3 to Table 6, the average processingstim

+ ¢ required by the proposed algorithm to detect thenpaent
Determine Vy, Vi, Ve faults is within 220 tq 280 milliseconds. The_ prsu;ieg time
to detect the arc extinction is longer for a linghwut shunt

reactor becauséy becomes almost zero without reaching
negative values after arc extinction. This is simtb the case

Vsl Vsl Calculate § of a transient fault on an untransposed line wheee arc
extinction process is very slow resulting in a dnpalsitive
value fordy while the arc is still not extinguished. Distingtio

Find Reference ( Low-pass Low-pass between these two cases requires a longer progessia. In
Time \ Filter Filter case of a line with shunt reactog, becomes oscillatory after
arc extinction and it can be quickly detected. Adamg to the
trr & Orer \ 4 results of simulations, the average processing timease of
Long-window | [ Long-window the line with shunt reactor is within 70 to 160liséconds.
L Derivation Derivation In order to verify the performance of the proposed
N algorithm, a real transient fault recorded by atgetion relay
\ Vel y \ Oq at Rockport 765kV station in American Electric Powse

examined. The case is a transient fault on a 765 kV
untransposed line. The line is equipped with a -fegged
reactor without switching scheme at one end aralialegged
reactor with switching scheme at the other end Thle fault
occurs at time 0.1 second; the line is isolatetna¢ 0.145s

: : and reclosed at 0.63 second by using the eventddoune
ReCIOSIng recommendations reference. From the waveforms, the fault is acuall

Figure 16. Block diagram of the proposed techniguadaptive reclosing extinguished at time 0.3 second. The proposed igahnis
Fact 1 can be used to detect any permanent fahi. Gan applied analytically and could detect the faultetygs transient

be done by checking 55 and [\. If [V ands remain almost and the arc extinction at time 0.41 second whichl1®

constants and|V<s become very small (close to zero) afd ( milliseconds aft<_er the actgal arc extinction tirrUsing the
8e) Will be small as well (e.g. less than 10°). proposed adaptive reclosing technique, the lineldctnave

been reclosed 13 cycles faster.

Determine if there is a permanent fault
Determine if the arc is extinguished in case of
transient fault.




TABLE 3. AVERAGE PROCESSING TIME IN CASE OF A LINE WITHOUT SHNT
REACTOR
Without Shunt Reactor
Average Processing Time (s) Fault Location (% of Line)

0 30 70 100
Transposed Transient 0.22 0.22 0.22 0.22
Line Permanent| 0.28 0.22 0.22 0.22
Untransposed | Transient 0.22 0.22 0.22 0.22
Line (a-b-c) |Permanent| 0.28 0.23 0.23 0.22
Untransposed | Transient 0.22 0.22 0.22 0.22
Line (a-c-b) | Permanent| 0.28 0.22 0.22 0.22
Untransposed | Transient 0.22 0.22 0.22 0.22
Line (b-a-c) |Permanent| 0.28 0.22 0.23 0.22

TABLE 4. AVER

AGE PROCESSING TIME IN CASE OF A LINE WITH BALANCED
FOUR-LEGGED SHUNT REACTOR AT EACH END

With 4-legged Shunt Reactor (Balanced)

Average Processing Time (s) Fault Location (% of Line)
0 30 70 100
Transposed Transient 0.13 0.16 0.12 0.07
Line Permanent| 0.28 0.23 0.22 0.22
Untransposed | Transient 0.12 0.12 0.12 0.12
Line (a-b-c) |Permanent| 0.28 0.23 0.23 0.22
Untransposed | Transient 0.12 0.12 0.12 0.12
Line (a-c-b) | Permanent| 0.28 0.22 0.22 0.22
Untransposed | Transient 0.12 0.12 0.11 0.11
Line (b-a-c) |Permanent| 0.28 0.22 0.23 0.22

TABLE 5. AVERAGE PROCESSING TIME IN CASE OF A LINE WITH AIGH FOUR-

LEGGED SHUNT REACTOR AT EACH END

With 4-legged Shunt Reactor (High)

Average Processing Time (s) Fault Location (% of Line)
0 30 70 100
Transposed Transient 0.13 0.16 0.11 0.08
Line Permanent| 0.28 0.23 0.22 0.22
Untransposed | Transient 0.12 0.12 0.12 0.12
Line (a-b-c) |Permanent| 0.28 0.23 0.23 0.22
Untransposed | Transient 0.12 0.12 0.12 0.11
Line (a-c-b) | Permanent| 0.28 0.22 0.22 0.22
Untransposed | Transient 0.12 0.12 0.11 0.11
Line (b-a-c) |Permanent| 0.28 0.22 0.23 0.22

TABLE 6. AVERAGE PROCESSING TIME IN CASE OF A LINE WITH AOW FOUR

LEGGED SHUNT REACTOR AT EACH END

With 4-legged Shunt Reactor (Low)

Average Processing Time (s) Fault Location (% of Line)
0 30 70 100
Transposed Transient 0.13 0.13 0.12 0.12
Line Permanent| 0.28 0.23 0.22 0.22
Untransposed | Transient 0.13 0.12 0.13 0.13
Line (a-b-c) |Permanent| 0.28 0.23 0.23 0.22
Untransposed | Transient 0.13 0.13 0.12 0.12
Line (a-c-b) | Permanent| 0.28 0.22 0.22 0.22
Untransposed | Transient 0.12 0.12 0.11 0.11
Line (b-a-c) |Permanent| 0.28 0.22 0.23 0.22
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Figure 17. Secondary arc and its derivative voltpgétern in case of a
recorded real single-phase to ground fault

VII.

A new algorithm based on the voltage pattern & fewlted
phase is proposed to distinguish the permanenttramdient
faults in single pole tripping and reclosing apation. In
addition, it can detect when the arc is quenchedase of a
transient fault. Theoretical approach is used talyze the
faulted phase voltage pattern in case of permarsent
transient faults. Several possible cases suchaasposed and
untransposed lines with and without four-leggednsieactors
have been analyzed. Simulation studies includirgdistailed
modeling of system and arc have been performeetibythe
conclusion of the theoretical analysis. Five faotee been
observed to distinguish between permanent andiéranfsults
and to detect the time when the arc is extinguisihediew
technique is proposed and implemented in MATLAB to
simulate adaptive reclosing by interpreting theltéal phase
voltage pattern based on the five facts. Altoge®20 cases
have been simulated to verify the performance efpttoposed
technique. The performance of the proposed teckenigalso
examined by a recorded data obtained from a realsient
fault. The proposed algorithm results in correstidguish of
fault types in all the cases with about 70-280 isgtond
processing time, which is significantly less thantypical
reclosing time interval used in EHV and UHV transsibn
system.

CONCLUSIONS
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