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arc fault,
fault location,
signal processing

Mateusz PUSTULKA*, Jan IZYKOWSKI*,
Mirostaw LUKOWICZ*

LOCATION OF ARC FAULTS
ON POWER TRANSMISSION LINES

This paper presents a fault location algorithm, which allows to determine the distance to a fault
and fault resistance, as a result of considering natural fault loops. It is assumed that three-phase volt-
ages and currents from both ends of the line measured asynchronously are the input signals of the
fault locator. In case of the availability of synchronized measurements the elements associated with
the determination of the synchronization angle should be omitted. In addition to natural fault loop
signals also use of symmetrical components (positive and negative or incremental positive sequence
components) to fault location were considered as well.

1. INTRODUCTION

The reliable operation of the electric power grid is one of the main goals of power
system operators. Reduction of the duration of outages is one of the key requirements.
There are many different ways that this goal can be achieved, with accurate fault loca-
tion for an inspection-repair purpose [1]-[4] being one of them.

Algorithms for accurate location of faults on power lines have been a subject of
great interest of researchers since the power system reliability became an important
factor for network operators and customers [3]. Among the known methods, the ap-
proach based on an impedance principle is the most popular and most frequently im-
plemented into protective relays or stand alone fault locators. In particular, the algo-
rithms utilizing one-end current and voltage measurements have been introduced at the
beginning [4]. Then two-end fault location principle [1]-[3] has been extensively ex-
plored. This principle is considered in the paper.

* Institute of Electrical Power Engineering, Wroctaw University of Technology, Wroctaw, Poland.
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2. FAULT LOCATION ALGORITHM

Natural fault loops, identical as for a distance protection [2], are considered. For
this purpose, the relaying signals (both voltage and current fault loop signals) are
formed accordingly to the fault type. Table 1 defines those signals to any considera-
tion of fault loops seen from the S end of the line for a single-circuit line (Fig. 1). Sig-
nals for fault loop seen from the R end are composed analogously.

In a case of phase-to-earth fault the voltage and current of a given faulted phase are
taken, but the component associated with the zero-sequence component: zero-
sequence current (Iso) multiplied by the factor: ky = (Zor — Zi1)/ZyL is added to the
phase current. This results from the fact that the impedances of the line for the positive
sequence (Z;.) and zero sequence (Zy.) are not identical, and the impedance of the line
section between the measuring point (S) and the fault point (F) for the positive se-
quence (dZ;1) is a measure of the distance to fault (d (p.u.)) — Fig. 1.

For a fault loop phase;-to-phase,, the differences of voltages and currents from the
phases involved in the fault, respectively, are taken as the fault loop signals. As a re-
sult of the subtraction, the zero sequence component is eliminated and there is no
compensation due to different line impedances for the positive and zero sequences.

Figure 1 shows the models of the considered fault loops (Fig. 1a, b) and the aggre-
gated model (Fig. 1c¢).

Table 1. Composition of fault loop voltage and current signals for single-circuit line

Fault type Fault loop voltage Fault loop current
LI-E Vs 11 Ig 1 tkolg
L2-E KSJJ £87L2 +koLso
L3-E Vs 13 Ig 13+kolg
L1-L2, L1-L2-E, Vsi—Vs1a Ig 1115 10

(L1-L2-L3, L1-L2-L3-E)*

L2-13,L2-L3-E Vs12-Vs 13 Is 12 1g 15
L3-L1,L3-L1-E Vs 137 Vs 1 Is 1315 1y

. Zoo—ZiL

* —includes loop L1-L2, but also loops L2-L3, L3-L1 can be analyzed, k, == ~ —= .

2L

Fault loop seen from the S end (Fig. 1a) consists of a line section of the positive
sequence impedance: dZ;. and the transverse branch that represents a fault (resis-
tance: R..). In case of the fault loop seen from the R end (Fig. 1b) impedance of the
line section for the positive sequence is: (1 — d)Z;. and the transverse branch is as in
the previous fault loop (Fig. 1a).
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Fig. 1. Models of fault loop measurement for:
a) relay at bus S, b) relay at bus R, ¢) aggregated model

Use of unsynchronized measurements from both ends of the line is considered and
the measurements from the R end (fault loop voltage and current: Vg, Irp) are as-
sumed as a reference base. Therefore, the measurements from the S end (fault loop
voltage and current: Vs, Isp) are synchronized analytically with use of the synchro-
nization operator: ¢/, where & — unknown synchronization angle. This is achieved
by multiplying the phasors of the original fault loop signals of the bus S by this
operator.

Aggregating both fault loop models from Fig. 1a and b leads to the model as shown
in Fig. 1c [2]. There is a fictitious transverse branch, through which flows the total
current (s, eo+ Irp) and not, as in reality: /p. Therefore, to provide the voltage in this
branch: Vg, as it is present in reality, the impedance of this fictitious branch (Zg 1) is
not equal to the fault path resistance (R,.). This impedance (Zg 1) matches the arc
resistance (R,.) divided by the complex factor: P 1, which depends on the type of
a fault (Table 2) [2].

Table 2. Coefficient Pg 1 for different fault types

Fault type Perr
22, +Zy
L1-E, L2-E, L3-E BV Z.
L1-L2,L2-1.3,L3-L1 2

L1-L2-E, L2-L3-E, L3-LI1-E,

L1-L2-L3, L1-L2-L3-E !
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Comparison of voltage on the transverse branch, i.e. at the fault point (F) — deter-
mined from the S and R line ends (Fig. 1), respectively, yields:

Zspeﬁs —dZ, lspeﬁS =V~ (1 - d)ZlL Iyp (D

Equation (1) can be written separately for the real and imaginary parts. This gives
a system of two equations with two unknowns: d — fault distance (p.u.), d — syn-
chronization angle. It can be solved using very well-known numerical procedures.
However, one may face problems with obtaining a correct solution. In fact, the un-
knowns are: d, sin(d), cos(o) while the synchronization angle & can be positive or
negative, i.e. in the following range: —n <= ¢ <= m. Only one solution, out of two, is
a correct one.

In order to avoid iterative calculations it is proposed to specify the modulus (abso-
lute value) for the synchronization operator ¢/° determined from (1) as follow:

iy = Ziy Lng +dZyy Ly (2)
‘ Vs, —dZy I, ‘

This gives:
Vi =ZiLny +dZy Ly | =V, —dZ,, L) (3)

After tedious manipulations on (3) the following quadratic equation for the sought
distance to fault is obtained:

Ayd* + Ad + 4, =0 4)

where: 4,, 4,, A, — coefficients (real numbers) specified by the phasors of fault loop

signals: (Vs,, Ig,) and (KRP » Iy, ), obtained with unsynchronized measurements at

Sp °
both ends of the line, and by the impedance of the line for the positive sequence
(Z,, ), as follows:

)

2 2
A, = ‘ZlLlSp‘ - ‘ZlLiRp‘

A =-2reallV (2, Ls)* +(V gy = Zi1 Lyp (L1 Ly )*] (6)
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2 2
4, = ‘KSp‘ - ‘KRp —Z 1y, (7

where: X* denotes conjugate of X.

The solution of (4) gives two results for the sought fault distance (d;, d,). At
least one of them indicates a detected fault in the line. If only one solution is such
that it is satisfied: 0 < (d, or d,) < 1, then in a natural way this solution is taken as
the correct (valid). On the other hand, if it is obtained that the two solutions indicate
a fault in the line: 0 < (d, and d,) < 1, an additional selection of a solution that is
correct has to be performed. Determination of the correct solution, which corre-
sponds to the actual fault, can be determined by analyzing the estimated fault path
resistance (in a general case it is obtained as the complex impedance). For the cor-
rect solution it should be very close to a pure resistance i.e. containing the smallest
possible imaginary part.

As the input signals of the fault locator also symmetrical components of voltages
and currents from both ends of the lines can be used:

e positive and negative — for asymmetrical faults,

e positive and incremental positive — for symmetrical three-phase faults.

In this case one needs replacing the fault loop signals in the derived equations (4)—<7)
by the corresponding symmetrical components.

3. ARC FAULT LOCATION ANALYSIS

Fault location algorithm was performed using the signals generated by simulating
arc faults [1] on the transmission line: 400 kV, 50 km with the aid of ATP-EMTP
software. The representative results for the single-phase arc fault: L1-F are presented
further.

Table 3 presents results when the fault loop signals are taken as the input signals,
and Table 4 while positive and negative sequence components of voltages and currents
from both ends of the line are applied. Both cases include the measurements acquired
asynchronously — phasors of signals from the S end were software delayed by 15°, and
thus the sought synchronization angle was 6= 15°.

Standard full-cycle Fourier filtration was used as the basic in the considered loca-
tion algorithms. It has been found that in some cases (rows in Table 3 marked with
a shading), the applied filtering alone appears as insufficient due to a severe distortion
of the processed signals. This is particularly in relation to the synchronization angle
which is determined inaccurately. It was shown that performing the averaging of the
results of the location in the fourth cycle after the fault, instead of averaging in the
third cycle, significantly improves accuracy. Of course, this is possible only if the
fault is not switched off earlier. An alternative approach to this is based on introducing
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an additional pre-filtering, leaving the averaging within the 3rd cycle — as was as-
sumed at the beginning of the study. Additional pre-filtration was used with half-cycle
sine filter. It has been found that such extra pre-filtering contributes to a significant
improvement of the fault location accuracy.

Selection of the correct solution out of the two obtained from the quadratic equa-
tion (4) was performed as follows: Table 3 — the correct solution is determined by
taking the solution for which the estimated fault-path impedance has less imaginary
part; Table 4 — only one of the solutions for the fault distance indicates a fault in the

M. PUSTULKA et al.

line and it is naturally assumed to be the correct solution.

Table 3. Arc location using fault loop signals

Accurate fault d, Ryl o d, Ro Error
distance [km] [km] [Q] ] [km] [Q] ‘1 [%]
Full-cycle Fourier filtering
Averaging within the third period after fault
0.60 0.59
5.06 5.12 +0.13i 17.41 6.30 022 81.06 0.12
0.72 0.56
10.11 9.59 +021i —2.62 14.15 120 137.50 1.04
0.96 0.80
17.52 17.36 0250 15.55 22.32 107 139.63 0.32
0.69 0.167
22.22 22.12 +0.18i 10.27 12.32 585 —-140.22 0.20
0.67 0.71
28.03 28.04 +0.17i 16.66 31.68 +0.90i 142.52 0.03
0.66 0.57
30.43 29.95 +021i —4.35 32.49 +0.66i 113.53 0.95
1.60 1.31
35.59 35.65 +0.39i 15.18 21.22 _ 4.40i -102.78 0.13
1.01 1.23
40.44 40.51 027 16.38 27.96 385 —-105.03 0.14
0.36 0.31
45.75 45.74 +0.08i 14.36 45.04 _0.26i —41.49 0.02
Full-cycle Fourier filtering
Averaging within the fourth period after fault
0.57 0.59
10.11 10.07 +0.15i 14.87 13.63 091 144.48 0.09
0.55 0.56
30.43 30.54 +0.10i 21.38 31.98 +0.30i 99.69 0.23
(Full-cycle Fourier filtering) + (Pre-filtration: sine half-period),
Averaging within the third period after fault
0.52 0.59
10.11 10.14 +0.14i 17.19 13.57 +0.87i 148.32 0.06
0.53 0.49
30.43 30.48 +016i 12.69 32.14 + 038 108.20 0.10
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Table 4. Arc fault location using symmetrical component signals

Accurate fault Location Location
distance [km] for positive sequence for negative sequence
d [km] Error [%] d [km] Error [%]

5.06 4.86 3.88 5.15 1.76
10.11 9.94 1.68 9.80 3.11
17.52 17.40 0.69 17.16 2.03
22.22 22.16 0.25 22.14 0.38
28.03 28.04 0.03 28.04 0.02
30.43 30.48 0.17 30.24 0.64
35.59 35.88 0.81 34.78 227
40.44 40.71 0.67 40.32 0.30
45.75 45.85 0.23 46.17 0.91

Better accuracy was achieved by using fault loop signals and it is slightly better
than the location with using of the measured data from one end of the line (Takagi
algorithm [4]). This is the effect that in case of measurements at one end only (Takagi
algorithm [4]), as a result of insufficient information there is a need for introducing
simplifying assumptions.

4. CONCLUSION

Arc fault location on transmission lines with use of voltage and current measure-
ments from both ends of the line acquired asynchronously has been considered. The
derived algorithm applies the fault loop signals from the two ends of the line as the
fault locator inputs. Quadratic equation for the sought distance to fault, whose coeffi-
cients are expressed in the most compact form, has been obtained. The selection of the
correct solution (out of the two) is obtained by taking the solution for which the esti-
mated impedance of the fault path has less imaginary part.

The derived algorithm can also be applied when symmetrical components of meas-
ured voltages and currents are applied as the locator input signals. One should then
use: positive and negative sequence components for asymmetrical faults and positive
and incremental positive sequence for three-phase symmetrical faults. For a correct
solution there is a coincidence of the results obtained for two different components,
which in practice means that they are very close to each other, while for the other so-
lution (to be rejected) there are significant differences.

The results of the study indicate the important role of digital filtering of the proc-
essed signals that are severely distorted under arc faults. It is reasonable to take a di-
rect result of the calculations or results averaged — as late as possible after fault incipi-
ence, but before its elimination. It has been shown that using the standard full-cycle
Fourier filtering combined with the pre-filtering in the form of a half-cycle sine filter
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improves considerably the accuracy of the calculation results. In particular, this relates
to determining the synchronization angle.

Analyzed application of measurements from both sides of the line to fault loca-
tion does not require introducing the simplifying assumptions, which are necessary
if the location is performed with only the local measurements. As a result, better
accuracy is obtained. Further improvement of fault location accuracy can be
achieved by taking into account the distributed-parameter line model for lines of
considerable length. Another means could be related to developing more effective
filtering of distorted signals, and it seems that this task can be done with a well-
designed neural network.
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