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Abstract This paper presents a new intelligent numerical
algorithm for analysis of transmission lines disturbance
records. The algorithm improves the existing methodolo-
gies for fault location, adaptive autoreclosure, detailed dis-
turbance records analysis, and fault data management. It is
based on the processing of voltages and currents recorded
at both of the line terminals. The algorithm does not require
synchronized sampling of data from the line terminals. The
proposed algorithm is derived in the spectral domain and is
based on the application of the discrete Fourier transform. In
the algorithm development, the fault arc is included in the
complete fault model. One of advanced algorithm features is
ability to determine both the arc and the fault/tower-footing
resistance. The algorithm is thoroughly tested using EMTP
simulation and real data records.
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1 Introduction

The development of microprocessor and communication
technology significantly influenced the design of modern
intelligent electronic devices (IEDs) used for overhead line
protection and disturbance records analysis. On the other
hand, the fault analysis and generally data management over
IEDs, plays an important role not only for the accurate loca-
tion of the fault occurred on a line, but also for detailed analy-
sis of all relevant parameters describing the fault (fault type,
fault nature, tower footing and arc resistances, etc.) Once
the fault is precisely located, the line can be repaired and
efficiently restored. In the past, a variety of fault location
algorithms were introduced as either an add-on feature in
intelligent electronic devices, or a stand-alone implementa-
tion in fault locators [1]. The so called “two port” algorithms
that use quantities from both transmission line terminals usu-
ally lead to more accurate results. A drawback is that they
need time synchronization by GPS systems or computational
routines [2—4]. This paper presents a new algorithm for trans-
mission line fault location and disturbance records analysis,
using data from both line terminals, without time synchroni-
zation. It determines very accurately the fault location, and
it calculates both the tower footing and arc resistances. From
the existing literature, a numerical algorithm for fault loca-
tion, which was designed as a pure fault locator, is presented
in [5]. In this paper a new algorithm that also determines
the arc and tower footing resistances will be presented. The
availability of the arc and tower footing resistances is a sig-
nificant improvement, offering new opportunities to improve
the current practice of line protection.

The value of the arc resistance determines the fault nature
(permanent or transient fault), which is the information nec-
essary to block/release the autoreclosure. The calculated arc
resistance can be used as a criterion for making a decision
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Fig. 1 Fault model including
tower footing resistance and
electrical arc
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as to whether the fault is permanent or transient. The new
algorithm is derived in the spectral domain using the widely
used discrete fourier transformation (DFT) for phasor cal-
culation. The results of the algorithm testing are presented,
demonstrating the efficiency of the new algorithm.

Realistic fault modelling is a prerequisite for the design of
an efficient algorithm for disturbance records analysis. The
next section of this paper introduces a realistic fault model
including both the tower footing and arc resistances.

2 Fault model

Approximately 70-90% of all faults on overhead lines are
single line to ground arcing faults, so in this paper this type
of fault will be analyzed. For this case the fault model can be
represented as a series connection of an arc voltage v, and a
tower footing resistance Rp (see Fig. 1).

An arc is a source of harmonics, so realistic modelling
must include the higher harmonics originating from the arc,
or from other nonlinear sources existing in the system. The
hth harmonic of the fault voltage can be expressed as follows:

Vi =V + Relf, (1

where Zg’ is the ~th harmonic of the arc voltage v,, and I’ ]12 is
the Ath harmonic of the fault current /g. By this, the funda-
mental harmonic of the fault voltage becomes (for simplicity,
here the superscript “1” is omitted):

Vr=V,+ Rrlg. @

The fundamental harmonic of the arc voltage can be expressed
as follows:

Za = Kvarc, (3)

where k is the first harmonic coefficient, and V. is the arc
voltage amplitude [6]. Since the arc current and arc voltage
are in phase, the following holds:

k=klo, 4
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where ¢ is the phase angle of the fundamental harmonic of
the arc current:

¢ = arg{lg}. 3)

The phasor of the arc voltage fundamental harmonic can be
now expressed as follows:

1
Ka = k Vare = kZ(P Vare = kﬁ Vare = RaLF, 6)
ZF
where
V.
R, =k arc )
| L

is the arc fundamental harmonic resistance.
By combining Egs. (1) and (6), one obtains the following
fault model for the fundamental harmonic:

Ve = Rrlg, (®)
where
Rt = R, + Rp 9

is the rotal fault resistance.

The same consideration of the fault model can be carried
out for other higher harmonics. For the third harmonic it takes
the following form (here the superscript 3 denotes the third
harmonic):

V3=V34Rel} =k Vare+ Re L3 =k> /3¢ Vare + Re L3,
(10)

where k3 is the coefficient for the third harmonic. The last
equation will be used in the part of the new algorithm in
which the unknown arc resistance is determined.

3 Derivation of the New Numerical Algorithm
3.1 Fault location algorithm stage

Let us assume an a-phase single line to ground arcing fault
on a transmission line at a distance £, observed from the left
line terminal, as presented in Fig. 2. Under the assumption
that the line is short (e.g. lines at HV/MV level up to 100 km),
the shunt capacitance and the shunt conductance of the trans-
mission line can be neglected. In Fig. 2 all of the variables
have radian frequency multiplied by the harmonics order &
and all of the line parameters are calculated in terms of (hw).
At this stage of the algorithm development it is assumed that
the variables on both line terminals are synchronized. The
fault location is denoted by F and the fault distance by £.
The index h denotes the order of harmonic, D is line length,
subscript S and R denote the sending- and receiving end of
the line, respectively.
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Fig. 3 Equivalent sequence network connection of faulted lines

Using the symmetrical components approach, the unsym-
metrical three phase circuit from Fig. 3 can be represented by
three single-phase equivalent circuits (positive (p), negative
(n), and zero (0) sequence circuits, respectively), as shown
in Fig. 3.

For the circuit from Fig. 3, the following holds:

Vh=g" (5 +KEIL ) e+ Vi, (an

Vh=2" (L +K1h,) (D -0+ Vi, (12)
h___h

where ki’ =2 hé is the zero sequence compensation factor,

Z
which depends on the line parameters and which can be cal-
culated in advance; ng e —1]%,, . o are the Ath harmonics
of positive-, negative-, and zero sequence phase voltage at
both ends of the lines (S—sending, and R—receiving end);
I gp.n,()’ I ﬁp.n.o are the Ath harmonics of the positive-, neg-
ative-, and zero sequence phase current at both ends of the
lines; K{% o are the hth harmonics of the positive-, nega-

tive-, and zero sequence faulted phase voltage at the fault

point; gh are positive- or negative sequence line impedances
for the Ath harmonic, gg is the zero sequence line impedance
for the h~th harmonic.

Equation (11), rewritten for the fundamental harmonic,
becomes:

Ve =Vs—z2Us+kIg)t. (13)

Let us now assume that terminal variables are not synchro-
nized. That means that for both terminals two different coor-
dinate systems can be assigned: one for the sending and one
for the receiving line terminal. Thus, for the receiving end
line terminal, the following equation, derived from Eq. (12)
and rewritten for the fundamental harmonic, can be derived:

Vi =Vg —2Ug +k,Ig ) (D = 0). (14)

Here the superscript “*”” denotes that phasors from Eq. (14)
are not synchronized with phasors from Eq. (13). From
Egs. (13) and (14), the fault distance ¢, and the total fault
resistance Rt can be calculated.

Based on the fact that the amplitudes of the fault voltages
from Eqs. (13) and (14) are the same, as indicated in [5], the
following holds:

V| = [VE|. (15)
By combining Egs. (13)—(15), one obtains:
Vs —2Us+k Ls)t|=[Vi — 2Uk+k,Ij,)(D = O)].

(16)

By separating real and imaginary terms in the complex
Eq. (16), the following equation can be obtained:

l[a+b-0)+jlc+d-Ol=le+f-O)+jlg+h-0),
(17)

where

a = Re(KS)3 b= _Re[é(is +kZ£SO)]’

c=Im(Vy), d=—Imlz(s+k,Ig)].

e = Re[Vg —z(Ix+k,Ix,)D], [ =Relz(Ig +k, I} )],

g =Im[Vy—z(Ix+k, Iz )D], h=Imlz(Ig +k,Ig )]

From (17) one obtains:

(@+b-0*+(c+d 0> =(+f 0+ @g+h-0O%
(18)

Equation (18) can be rewritten as follows:

O+ pl+qg=0, (19)

where

_ 2(ab+cd —ef —gh)
- b2+d2—f2—h2 ’

3 a2+C2_62_g2
b2+d2_f2_h2'

and ¢
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Equation (19) is a quadratic equation with two solutions:

—p+.p?2—4

Using Eq. (20), two cases can occur: (a) one solution in the
range 0-D and a second solution outside of this interval and
(b) both solutions in the range 0-D. In case (a), the first solu-
tion is the exact one. In case (b), an additional procedure
must be applied to determine the exact solution. Thus, the
problem appears if both solutions are positive values and in
the range of 0-D. In these cases the selection of the true fault
location can be achieved by analyzing the equivalent zero-
sequence equivalent circuit, which gives two new solutions.
One of them is equal to one of two solutions obtained from
the positive sequence equivalent circuit and this is the true
unknown fault location.

By this, the fault location stage of the algorithm is accom-
plished.

3.2 Total fault resistance algorithm stage

From the calculated fault location, the voltage at the location
of the fault can be determined:

Ve =Vg—zUgs+k,Ig)L. (2D

Based on the assumed model, for which it is valid that Vi =
RtlF, it can be concluded that

arg(lp) = arg(Vp). (22)

The phase difference between the sending end current and
the fault current is given as follows:

0 = arg(lg) — arg(/p). (23)
By this, the RMS of the fault current becomes:

|Ig| = |Lg|cos(®) + \/(11;)2 —[|Zg| cos(®)]2. (24)

Finally, the total fault resistance can be expressed as follows:
Vv

Rr = ——F| (25)
| k|

By this, the total fault resistance stage of the algorithm is
accomplished.

3.3 Arc resistance algorithm stage

Based on the expressions for the fault distance and total fault
resistance and by using the fault model equation for third
harmonics, the unknown arc and tower footing resistances
can be determined.

From Eq. (11) written for the third harmonics, the third
harmonic of the voltage at the fault location can be calculated:

vi=vi-Z(B+ER)e (26)
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By assuming that the zero sequence equivalent circuit is a
purely passive one, the following holds:

I =cld, 27)

where c is areal constant number. Its value must not be known
in advance. By combining Eqs. (27) and (10), one obtains:

K13= = ]£3 Vare + RFeLgOv (28)

where Rpe = cRF.
By putting Eq. (7) into Eq. (28), one obtains:

1
vi= E%Ra + Reel3,. (29)
From (29) the following equation can be derived:
Vi K ||
Rpe = E - ETRE[. (30)
—0 —>0

The imaginary part of the left hand side of Eq. (30) is equal
to zero, so the imaginary part of the right hand side must be
zero, too. From this, one obtains:

Vi B |Ig
Im(Rge) =Im | == — = ——R, ) =0. (31)
I3 k

From the last equation the following can be obtained:

Vi | L | S
lS() ls()

Equation (32) gives the explicit equation for the unknown
arc resistance:

Ro= NS/ (33)

The tower footing resistance Rp can be simply calculated
as:

Rr = Rt — R,. (34)

Using the method described, for arcless (metallic) faults
it is expected that Rt = Rp and R, = 0. This is proved
in the next section of the paper through computer tests.

Based on the arc resistance determined by the algorithm
presented, the fault nature (transient or permanent fault) can
be recognized as well. This information can be very useful
used for blocking the autoreclosing procedure. If the fault
is a permanent (arcless) fault, the autoreclosure should be
blocked; on the contrary, if the fault is a transient (arcing)
fault, it should be released.

The algorithm presented assumes the use of unsynchro-
nized phasors measured at remote line terminals. The algo-
rithm could be also used if the phasors are synchronized, i.e. if
the facilities for phasor synchronization are available. Under
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Fig. 4 Single line diagram of the simulated test power system

these circumstances, the loss of synchronization should
not affect the algorithm, since it does not require the
synchronization.

4 Computer simulated tests

The validity of the algorithm was tested by using The elec-
tromagnetic transient program [7] developed for the inves-
tigation of arcing phenomena in power systems. In Fig. 4
a schematic diagram of a 400kV test power system is pre-
sented.

In Fig. 4, variables vs(?), vr (), is(t) and ir(¢) denote
the synchronized sampled voltages and currents, whereas
D = 100km,r = 0.0325Q/km,x = 0.3Q/km,rp =
0.0975 2 /km, and xo = 0.9  /km represent the line param-
eters. Data for network A were: Ra = 2Q,Lan = 0.1H,
Rao = 4.Q and Loy = 0.2 H. Data for network B were:
RB = 1.28 Q, LB = 0.064H, RBO = 2.54Q and LB() =
0.128 H. The equivalent electromotive force of networks A
and B were respectively Eo = 416kV and Eg = 400kV.

Single line to ground arcing faults are simulated at differ-
ent locations on the overhead line. The pre-fault load existed
before the fault.

In the following test example, a single phase fault, sim-
ulated at the 10th km observed from the left line terminal,
is analyzed. The simulation was carried out with the time
step corresponding to the sampling frequency f; = 3,200 Hz
(64 sample/Tp).

The first simulation was performed by assuming that the
arc voltage has a square wave waveform with an amplitude
of V, = 4kV and with typical arc ignition and quench-
ing distortions (see Fig. 5). The value of 4kV was obtained
under the assumption that the distance between the arc horns
in questions is L; = 3.25 m and that the arc voltage gradient
inside the arc column is E; = 1,250 V/m. The fault incep-
tion was at t = 20ms and the tower footing resistance was
Rp = 8 Q. In the example given, a synchronization error of
90° in the phase of the input data acquired from the remote
terminal was assumed.
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Fig. 5 Arc voltage and fault current
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Fig. 6 Fault distance and total fault resistance (arcing fault)
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Fig. 7 Tower footing and arc resistances (arcing fault case)

In Figs. 6 and 7 the results obtained using the algorithm
are given. Figure 6 shows the values of fault location and
total fault resistance, while Fig. 7 shows both the arc and the
tower footing resistances. Obviously, when adding the arc
and the tower footing resistances, one obtains the total fault
resistance.

In the next example an arcless fault is simulated with
the total fault resistance of 82 and fault distance of 10km.
Figure 8 shows very accurate results obtained using the
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Fig. 8 Fault distance and total fault resistance (arcless fault case)

proposed algorithm. The arc resistance value R, = 0 is
obtained, which actually corresponds to a metallic (perma-
nent) fault.

The algorithm features are also derived in the following
cases: fault location varied in the range 1-99 km; tower foot-
ing resistance varied in the range 0—100 €2 ; synchronisation
error varied in the range 1-360°; arc voltage amplitude var-
ied in the range 0—-10kV. Under all of the above described
circumstances, the unknowns are accurately obtained.

The presented algorithm can be implemented in real-time
(e.g. distance protection and adaptive autoreclosing), or in
an off-line mode (e.g. fault location and fault analysis). For
a real-time application the speed of the algorithm, commu-
nication delays, and the real-time data acquisition time are
important factors. The algorithm convergence properties are
determined by the fault angle and the selection of the data
window size. Based on the results obtained (e.g. Fig. 7),
the worst cases of algorithm convergence are observed to
be approximately 50-60ms. This is still acceptable for per-
forming autoreclosure. Note that the fault nature (arcing or
metallic fault) must be identified before circuit breaker open-
ing. For an off-line application the convergence is not a key
issue.

5 Field testing

In order to check the validity of the algorithm presented, volt-
ages and currents, recorded during faults on a real 400kV,
82km long transmission line, are processed. Here, a typical
example of an arcing fault will be analyzed. In Figs. 9, 10, 11
and 12, voltages and currents, measured by the relay before
and during a single-phase line to ground arcing fault, are pre-
sented respectively. All of the signals are sampled with the
sampling frequency f; = 1, 000 Hz. From Figs. 10 and 12
it is obvious that the fault that occurred was a single line to
ground fault. It was selectively tripped by the line protection.
In this particular case, only the faulted phase was tripped.
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Fig. 9 Input voltages measured by the relay at the sending end

phase currents (kA)

42 | | | | | | | | |
240 280 320 360 400 440
time (ms)

Fig. 10 Input currents measured by the relay at the sending end
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Fig. 11 Input voltages measured by the relay at the receiving end

Voltages and currents, recorded and stored in Comtrade
format, are processed using the algorithm presented. In the
algorithm, the data window length was set to T3y, = 20 ms.
The results obtained are presented in Figs. 13, 14 and 15
respectively. The unknown fault location £ = 41.2km was
obtained (see Fig. 13). Based on the assessment of the
recorded fault record and result obtained by the installed
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Fig. 13 Calculated fault distance and total fault resistance
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Fig. 14 Calculated arc resistance

distance protection, a reasonable agreement between the
results obtained is achieved. The result obtained using the
existing distance relay was 5% larger. The reason for this
mismatch lies in the fact that distance protection does not
take into account the fault resistance, and sees the fault point
as further away than the true one. In Fig. 13 the total fault
resistance is depicted, too.
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Fig. 15 Calculated tower footing resistance

In Fig. 14 the unknown arc resistance is presented. Obvi-
ously, an arc resistance larger than zero, is obtained. That
means that the case analyzed was an arcing fault. As it can
be observed, the arc voltage resistance is on average approxi-
mately 0.5 2. In Fig. 15 the unknown tower footing resistance
is presented. Its value is relatively small, which matches the
statistical values obtained in this season of the year.

The results obtained by the processing of real data confirm
the high quality of the algorithm presented. The significance
of the algorithm is improved accuracy and reduced hardware
requirements—there is no need for the synchronization of
data sampling between remote line terminals.

6 Conclusions

This paper presents a new spectral domain numerical algo-
rithm for overhead lines protection and disturbance records
analysis. The algorithm does not require synchronization of
data sampled at remote line terminals. The algorithm can be
also used in all schemes in which the synchronized measure-
ment is assumed, or if it is not precise enough. Through real-
istic fault modelling and by introducing a new model of the
electrical arc, compared to approaches that do not take the arc
into consideration, the higher accuracy of the fault location is
achieved. In addition, anew method of blocking/releasing au-
toreclosure, based on the calculated arc resistance, has been
proposed and successfully tested. It is shown that the algo-
rithm is not sensitive to values of tower footing resistance
and fault location (close in, or remote faults). Using tran-
sient simulations, both the arcing and arcless faults are thor-
oughly tested and analyzed. Accurate results are achieved in
determining all unknowns: the fault location, arc resistance,
tower footing resistance and fault nature. The validation of
the proposed algorithm using real data presents a particular
encouragement for the successful future implementation of
the algorithm presented.
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