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A New One Terminal Numerical Algorithm for Adaptive Autoreclosure
and Fault Distance Calculation
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(Zoran Radojevié - Joong-Rin Shin)

Abstract - This paper presents a new numerical spectral domain algorithm devoted to blocking unsuccessful automatic
reclosing onto permanent faults and fault distance calculation. Arc voltage amplitude and fault distance are calculated
from the fundamental and third harmonics of the terminal voltages and currents phasors. From the calculated arc voltage
amplitude it can be concluded if the fault is transient arcing fault or permanent arcless fault. If the fault is permanent
automatic reclosure should be blocked. The algorithm can be applied for adaptive autoreclosure, distance protection, and
fault location. The results of algorithm testing through computer simulation and real field record are given.

Key Words : Numerical algorithms, Protection, Fault location, Arc resistance, Transmission lines, Electric power systems,

Spectral analysis.

1. Introduction

The problem of blocking automatic reclosing on
permanent faults is investigated in the last decade. It is
known that somewhat about 80% to as high as 90% of
faults on most lines are transient. For such faults the
service can be restored by automatically reclosing the
power circuit breaker. This can improve power system
transient stability and reliability providing much higher
service continuity to the costumes. However, reclosure
onto a permanent fault may aggravate the potential
damage to the system and equipment. For some
extra-high-voltage lines, especially near generating plants,
the classical automatic reclosing of breakers cannot be
used.

New protection  algorithms gave as
opportunity to control the automating reclosing from a
substation computer. Main problem to be solved is to
make distinction between permanent and transient faults.
Some interesting concepts were proposed in the past. Most
of them were based on the analysis of voltage on the
opened phase conductor during the reclosing dead time
[1-2]. The newly developed algorithms [3-5] where derived
by processing line terminal voltage and current during the
fault, in other words before the breaker was opened.

In order to improve the quality of power delivery,
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digital devices with the fault location algorithms are
developed and proposed in the open literature. Distance
relays calculate the fault distance in real-time, while the
fault location programs are executed after the fault using
stored fault data. The rapid progress in microprocessor
technology gives us a hope that some numerical
algorithms devoted to fault location will be used as
algorithms for distance protection, particularly the so called
"one terminal fault location algorithms”, which use only
data measured at relay place [6].

In this paper a new numerical spectral domain algorithm
for arcing faults recognition and fault distance calculation
using Discrete Fourier Technique will be given.

2. Basic Characteristics of a Long Electric Arc

The long electric arc in free air is a plasma discharge,
where the plasma allows a current to flow through a
gaseous medium. The current can range from a few amps
up to thousands of amps.

The nonlinear variations of the arc causes the arc
voltage waveform distortion, distorting it
square wave with arc voltage amplitude V, [7], what is

into a near

given in Fig. 1. From the Fig. 1 it is obvious that the
sign of the arc voltage wave v, is the same as sign of
the arc current 1,.

The arc voltage could be modeled by a nonlinear arc
resistance [8], or by the piecewise arc voltage-current
characteristics [9]. In this paper a new approach is chosen.
The arc voltage wave shape is defined numerically on the



basis of a great number of arc voltage records obtained in
the high voltage laboratory using a transient recorder with
the sampling frequency of 10.417 kHz [7].
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Fig. 1 Real arc voltage and current waveforms

The arc voltage model presented in Fig. 2 is accepted.
Fig. 2 gives a normalized cycle of the arc voltage model
with arc voltage amplitude V, = 1 p.u. It is assumed that

the sign of these values is determined by the sign of arc
current.

1.5

arc voltage (p.u.)

time (ms)

Fig. 2 Typical accepted arc voltage wave shape
The arc model given in Fig. 2 has an important feature:

it can be represented by Fourier series containing odd sine
components only, as follows:

v, (t) = hz k,V ,sin(hwt) 1
=1

1, 3517 .

fundamental radian frequency and k, is the coefficient of

where h = is the harmonic order, ¥ is the

the h-th harmonic.

HS XNUs Muz % 2FAL M™E 9B M2 (cxt ¢1alE

Trans. KIEE. Vol. 53A, No. 8, AUG, 2004

obtain
These

Using the
coefficients &,

DFT algorithm it is
for accepted arc voltage model.

easy to

coefficients are given in Table 1.

Table 1. Coefficients of the 2 th harmonics of the arc
voltage

h 1 3 5 7
ky, 1.23

0.393 0.213 0.135

In comparison to the other models, the advantage of the
arc voltage presentation through the sequence of numerical
values is its flexibility. One can create various waveform
shapes and calculate the corresponding coefficients &y,

depending on the modeling application.

3. The Fault Model

Let us consider the most frequent single-phase to
ground fault on a transmission line fed from both line
terminals. The fault model will be given by relation
between faulted phase voltage, fault current and earth
return path parameters.

Fault voltage may be selected to be zero for a pure
metallic fault. Such cases occur, but relatively seldom. The
former model may be improved by including into it the
fault resistance. The fault resistance originates from the
resistance of the arc and resistance of tower footing and
ground. In this paper a new accurate model with all
important features of arc taken into account is developed.
The current path for ground faults adopted in this model
includes the arc voltage and the fault resistance.

Fault phase voltage vy can be given in time domain,

what is depicted in Fig. 3.a), by next relation:
vp(t) = v, (t) + Rpip(t) 2

where v, is arc voltage, Ry is fault resistance and iy is
fault (arc) current.

New spectral domain fault model, developed in this
paper, is depicted in Fig. 3.b). From this picture the h-th
harmonic of the fault voltage can be expressed by next
relation:

Vo=Vt Relp (3)
where V,, is h th harmonic of the arc voltage and g, is

h-th harmonic of the fault (arc) current.

In this paper only fundamental and third harmonic fault
model will be used for algorithm developing.
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Fig. 3 Fault model given (a) in time domain and (b) in
spectral domain for h th harmonic

It is possible to express the amplitude of the h-th
harmonic of the arc voltage by the next relation:

Va=kV, (4)

where Vais the amplitude of the h-th harmonic of the arc

voltage.
From(4) it follows:

Va=kV,=1.23V, and Vi_, V,=0393V, (5

The arc voltage wave is in phase with the fault arc
current, as shown in Fig. 1. That means that the phase of
the first harmonic of the arc voltage has to be the same
as the phase of the first arc current harmonic, ie. fault
current. The phase of the third harmonic of the arc
voltage has to be three times greater than the phase of
the first harmonic of arc current. The former observation
could be expressed as:

L/al :@1Va and ZaS:_I_C_SVa (6)

and Ve are vectors of the first and the
third harmonics of the arc voltage, k= k4 ¢ and
ks =Fk3 £3¢ where @is the phase of the first harmonic of
the fault current ({p; = Ip1£6).

where Va

4. Arc Voltage Amplitude and Fault Distance
Calculation

It is practically impossible to measure the arc voltage,

since the fault has an arbitrary location on the line. The

idea of this paper is the calculation of the arc voltage
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amplitude from the line terminal voltage and current
signals obtainable as uniformly digitized quantities at one
of the line terminals. The voltages and currents at the line
terminals contain harmonics. The distortion of waves
depends on the fault distance and the arc voltage
amplitude. It could be concluded through spectral analysis
that the line terminal voltage and the current contain the
harmonics induced by arc voltage, particularly the odd
components. These amplitudes are not comparable to the
fundamental harmonic amplitude, but in spite of that are
recognizable and measurable.

Thus, one of the obvious ways in which arc voltage
harmonics could be calculated is to analyze the circuit
depicted in Fig.4. In this circuit all variables have radian
frequency hw and all the line parameters are calculated in
terms of hw. Index h denotes order of the harmonic.

Let us assume a single phase to ground arcing fault
occurring on a three phase overhead line depicted in Fig.4.

In Fig4, V, is the h-th harmonic of the left line terminal
phase voltage, I, is the is the h-th harmonic of the left
line terminal current, Vo, is the A-th harmonic of the arc
voltage, Rr is fault resistance and Vrr is the h-th

harmonic of the faulted phase voltage on the fault place.

left right
terminal terminal
LINE
C
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Fig. 4 Single phase to ground arcing fault on three phase
power line

The three
by three single phase equivalent circuits: positive (p),

phase circuit from Fig.4 can be presented

negative (n) and zero sequence (0) equivalent circuits.
Positive and negative sequence equivalent circuits are

equal and are depicted in Fig.5. In Fig. 5, 2, is positive or

negative sequence line impedance. The zero sequence
equivalent line circuit is depicted in Fig.6. In Fig6 all
variables and parameters are zero sequence variables and

parameters.
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Fig. 6 Zero sequence line equivalent circuit

For the equivalent circuits depicted in Figs.5 and 6 the
following equations can be written:

Vi=281 + Vg, ("
V=281, + Vg, (8)
V=28 1y + Vi, 9)

By adding equations (7), (8) and (9), and using basic
symmetrical components equations

V=V, +V,+ VYV,

and

Ver= Vent+ Ver + Vi,
one obtains:

Vi=zoIp+ kpplp ) € + Ve 10)
where: k= 1(Zon—24)/2, is the zero sequence

compensation factor, which can be calculated in advance.

Substituting fault model equation (3) in (10), and using
relations (6), next faulted loop equations for fundamental
and 3-rd harmonic are obtained:

Vi=z,(Ii+kuly)l +kV,+ Relg, (11)

Vs

Vi=z3(Iy+k,3l5) 0 +k3V,+ Relp, (12)

The fundamental and 3-rd harmonic of the faulted
phase voltage and faulted phase current are measured at
the relay place, and they are considered as known
algorithm input data. But, the fundamental and 3-rd

harmonic of the fault current are not measureable at the
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relay place. Because of that, the above system of two
simultaneous complex equations, (11) and (12), with three
unknown variables, , V, and Rg, can not be solved.

Fortunately, if the fault current is not known, the fault
location and arc voltage amplitude can still be accurately
calculated that the
distribution factors for the parts of the zero sequence
network, located on either side of the fault point, have the
same arguments [10]. With this simplification, current at

using the assumption current

the fault location can be expressed in terms of measured
faulted phase current, and equations (11) and (12) can be
approximately solved.

Because the zero-sequence network is passive we can
assume that zero sequence currents supplied from the
local and remote systems are in phase. Then fundamental
and 3-rd harmonics of fault current can be expressed as:

Ip =31p 0= 3cply

(13)

Ipy = 3150 = 3epsly (14)
where ¢m and ¢ are real proportional coefficients. In
in which only arc voltage amplitude and fault
distance are to be calculated, the value of ¢m and ¢m are

case

not necessary to be known in advance.
Using above assumption, equation (11) and (12) get the
form:
Vi=z,(Ii+ kL) ¢ +k,V,+3Re, 1) (15)

Vio=z3(I3+k;l30) ¢ +kyV,+3Rp,1y (16)

where Rpe1 = ¢BRr and Bpa= cmBRp .

Complex equations (15) and (16) give system of four
scalar equations:

Re{z (L) +k, 110 £+ Re{k,}V, +3Re{l ;o }Rre1 =Re{V |} (17)
Im{z; (L +k, L10)}e+Imik )V, +3ImiLyo ) Reey = ()} (18)
Re{z; (L3 +k,3130 )1+ Re{k;}V, +3Re{l;}Rpes =Re{l 3} (10)

Im{z; (15 +k 303003+ Imik3}V, +3Im{l 50} Rpez = Im{V 5} (20)

from which unknown arc voltage amplitude and fault
distance can be calculated.
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5. Fault Type Detection

The faults encountered on the transmission lines can be
classified as transient or permanent faults [11]. In the case
of transient fault reclosing is successful and desirable. If
the fault is permanent, reclosing is not desirable, and an
algorithm should be able to block automatic reclosing and
locks out reclosing onto permanent fault.

Transient faults are faults, such as insulator flashovers,
that are quickly cleared by switching the line and do not
recur if the line is quickly reclosed. The most common
cause of this type of fault is lightning. Transient faults
are foliowed by a long electric arc, whose length is longer
than the flashover length of the suspension
string. Permanent faults are faults that do not clear
themselves, but that must be repaired, such as a broken
conductor. Permanent faults are not followed by an electric
arc. They are arcles faults.

insulator

Because it is practically impossible to measure the

arc voltage, since the fault has an arbitrary location
on the line, an algorithm will distinguish transient from
permanent fault, using calculated value of the arc voltage
amplitude.

After calculating arc voltage amplitude algorithm can
make decision whether the fault is with arc (transient
fault), or without arc (permanent fault). Fault is transient
if calculated value of arc voltage amplitude is greater than
product of arc voltage gradient and the length of the arc
path, which is equal or greater than the flashover length
of a suspension insulator string. The average arc voltage
gradient lies between 12 and 15 V/cm [12].

The criterion which can be used for fault type detection
is expressed by the following relation:

Vac g Ea X L/ (21)

where V.. is calculated arc voltage amplitude, E, is
average arc voltage gradient, and L; is the flashover

length of a suspension string. If relation (21) is satisfied,
the fault is transient. Otherwise, the fault is permanent.

6. Computer Simulated Tests

The tests have been done using the Electromagnetic
Transient Program (EMTP) [13]. The schematic diagram
of the 400 kV power system on which the tests are based
is shown in Fig. 7. Here v(t) and () are digitized
voltages and currents, and D is the line length. The
line parameters, calculated via line constants program
were D= 100km, 7= 0.035202/km, == 0.3£2/km,

0.097502/km and %, = 0.92/km_ Data for network A

To —
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were RAZI.Q’ LA=0064H, RA0:2‘Q and LA0:

0.128H. Data for network B were : Rp=0.502 L,=

0.032H, R4 =12 and L, =0.064H. The equivalent
electromotive forces of networks A and B were E, =

400kV and Ep =395kV  respectively. The phase angle

between them was 20 degrees.

Single-phase to ground faults are simulated at different
points on the transmission line. The pre-fault load was
present on the line. The left line terminal voltages and
currents are sampled with the sampling frequency

f,=6400Hz The duration of data window was Ty =
20ms.

The arc voltage used by EMTP is assumed to be of
square wave shape with amplitude of V,=5.4 kV,
corrupted by the random noise. A typical waveforms of
arc voltage obtained through computer simulation are
depicted in Fig. 8, where the instant of the fault inception
was 23 ms. Fault resistance were Rp =212

Impute phase voltage and line currents, measurable at
relay place, calculated by EMTP for selected study case

are plotted in Figs. 9 and 10, respectively.

D
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Fig. 7 Test power system
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Fig. 8 Arc voltage shape used by EMTP
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Fig. 10 Distorted input currents generated by EMTP

The fault distance and voltage calculated by algorithm
are depicted in fig. 11. The exact unknown model
parameters [ = 60 km and V,=5.4kV) are obtained fast,

after 20 ms, and accurate. From the algorithm speed and
accuracy point of view, the results obtained confirm that
the algorithm is useful for the application to real overhead
lines protection.
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Fig. 11 Calculated fauit distance (exact value used by EMTP
was 60 km) and arc voltage amplitude (exact value

used by EMTP was 5.4 kV)
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In order to evaluate the algorithm accuracy the most
important fault conditions, such as fault distance and fault
resistance, are varied in numereous computer simulations.
Those simulations are carried out taking six fault
locations, 10, 20, 50, 80, 90 and 100 km, and five fault
resistance values, 2, 4, 8, 20 and 8042.

The fault in percentage terms, is
calculated using the following equation:

location error,

le—lq x100

e[%]= (22)

where /. and Il,represent the calculated fault location and

actual location, respectively, and D denotes the whole line
length.

The results of the calculations for various cases that
have been studied are presented in Table 2. In most of the
cases th fault distance errors are smaller than a typical
It could be concluded that the algorithm
presented shows enough accuracy for a real application.

line span.

Table 2. The fault location error [%] for various values of
actual fault distance and fault resistance

Fault Actual fault distance [[km]
resistance
Rp[02] 10 20 50 80 % | 100
2 0.01 0.01 0.03 | 0.01 038 | 0.87
4 007 | 004 | 001 | 033 | 056 | 151
8 010 | 014 | o001 0.51 1.06 | 2.50
20 029 | 028 | 003 | 099 | 218 | 501
80 1.05 | 091 037 | 209 | 460 | 9%
In order to check the wvalidity of the algorithm

presented, voltages and currents, recorded during faults on
a 110 kV network, are processed. Here, a typical example
of an arcing fault will be demonstrated. In Figs. 12 and 13
voltages and currents measured by the relay before and
during a single-phase line to ground fault over arc are
respectively presented. All signals are sampled with the
sampling frequency f,= 1600 Hz  The duration of data

window was Ta.= 20 ms.

After data processing, the results of the application
of the algorithm presented are depicted in Fig. 14. The
location (see Fig. 14) {=12.8 km was
calculated. Additionally, it is determined that the fault was
over an arc with the calculated amplitude plotted in Fig.
14. As it can be observed, the arc voltage amplitude was
approximately 2 kV.

exact fault
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Fig. 12 Input voltages measured by the relay
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Fig. 13 Input currents measured by the relay
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Fig. 14 Calculated arc voltage amplitude and fauit distance

Because the minimal length of the arc path determined
by the arcing horns distance was 0.85 m, minimal arc
voltage amplitude expected was 1.1 kV, obtained as a
product of the minimal arc length and the electric field
inside the arc, which is practically constant along the arc
and has the average value of 1.3 kV/m. The calculated arc
voltage amplitude indicates that the arc was prolonged
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with regard to its minimal length, equal to the distance
between arcing horns.

Comparing calculated arc voltage amplitude of 2 kV
with its expected minimally possible value of 1.1 kV, can
be concluded that the fault is transient and that reclosing
will be successful.

By the inspection of the fault analyzed, it was con-
cluded that the estimated distance was the exact one.

8. Conclusion

A new numerical algorithm for arcing faults recognition
and for fault distance calculation is developed. The
algorithm is derived by processing line terminal voltages
and currents during the period between the fault inception
and fault clearance. It is based on the spectral analysis of
the input phase voltages and line currents signals
measured by numerical relay. Only fundamental and third
harmonic phasors calculated by Discrete Fourier Technique
are needed for algorithm development.

The arc voltage amplitude calculated in algorithm can
be used for blocking reclosing of transmissions lines with
permanent faults, whereas the fault distance calculated in
algorithm can be used for distance protection or for fault
location.

A new spectral domain fault model with all significant
arc features included is given.

The algorithm was successfully tested with data
obtained through computer simulation and data recorded in
the real power system.
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