This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2017.2711262, IEEE

Transactions on Power Delivery

Accurate Two-Terminal Transmission Line Fault
Location Using Traveling Waves

F. V. Lopes, Member, IEEE, K. M. Dantas, Member, IEEE, K. M. Silva, Member, IEEE, and
F. B. Costa, Member, IEEE

Abstract—This paper presents an innovative two-terminal
traveling wave (TW)-based fault location formulation. It depends
only on the time difference between the first incident TW
and the successive reflection from the fault point, at both line
ends. Thereby, the proposed formulation requires neither data
synchronization nor line parameters, which are sources of error
that usually affect TW-based fault location schemes. Several
faults on a typical 500 kV line were simulated to compare the
proposed formulation performance with that of a classical two-
end approach. The obtained results attest that the proposed
formulation is able to accurately locate faults on transmission
lines, even when data synchronism errors and uncertainties in
the monitored line parameters exist.

Keywords: Fault location, power systems, transmission lines,
traveling waves, two-terminal unsynchronized data.

I. INTRODUCTION

IMING to speed up the restoration time of transmission

lines after faults, researchers worldwide have made ef-
forts to develop reliable and accurate fault location schemes.
Hence, over the recent decades, several algorithms have been
reported, among which those based on the theory of TWs have
shown to be promising [1].

Among the TW-based fault location methods, those based
on one- and two-end measurements are the most widespread
[1]. These approaches have different advantages and disad-
vantages, so that the choice between one and the other is
still difficult. The classical one-terminal method is independent
of data synchronization, but it requires the detection of TWs
reflected from the fault point [2], which is a task that has been
reported for decades as not trivial to carry out [1]. On the other
hand, although the classical two-terminal method requires only
the detection of incident TWs at both line terminals, it depends
on data synchronization [2], [3]. Furthermore, classical one-
and two-terminal TW-based methods are inherently sensitive
to inaccuracies in electrical line parameters, which are used to
compute the TW propagation velocity [1].

In the literature on the subject, TW-based fault location
algorithms which do not depend on data synchronization
and/or TW propagation velocity have been reported. In [4],
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in addition to the incident TWs at both line ends, the first
wavefront reflected from the fault point that reaches the refer-
ence terminal is detected, resulting in a two-end fault location
formulation independent of the TW propagation velocity, i.e.,
electrical line parameters are not needed. However, despite of
this advantage, data synchronization is still required. In [5] and
[6], the two-end classical approach is adapted to be applied
in real-time, considering the communication system latency
effect. Both algorithms use the local fault locator clock as
reference and synchronizes the remote data by compensating
the communication channel latency. Still in [5], fault location
solutions based on communication systems with large and
negligible latency variability are also presented. By doing so,
the need for an external common time reference such as the
Global Positioning System (GPS) is eliminated [7], but the
knowledge of the TW propagation velocity is still required.
In [8], a two-terminal method which requires the detection of
only incident ground and aerial mode TWs is presented. It
neither uses information about the TW propagation velocity
nor requires data synchronization, being advantageous over
most existing two-terminal approaches. However, as aerial and
ground mode TWs are analyzed, the algorithm application
is limited to ground faults. In [9], an one-terminal method
which requires neither the knowledge of the TW propagation
velocity nor the two-end data synchronization is reported.
Despite these advantages, it uses the time differences between
the first incident TW and the second and third successive
reflections from the fault point and remote terminal, so that
its performance can be jeopardized if the reflection from the
remote terminal is attenuated or when it does not exist, such
as in three-phase permanent solid faults or when the line
conductors break, preventing TWs reflected from the remote
terminal from reaching the monitored bus.

Regarding the difficulties on the detection of wavefronts
reflected from the fault point, two scenarios deserve special
attention. In the first one, TWs reflected from the fault point
need to be distinguished from those reflected from the remote
line end. As typically occurs in ground faults, depending on
the fault distance, TWs reflected from the remote terminal pass
through the fault point toward the monitored bus and may
reach it before the wavefront reflected back from the fault [3].
If so, fault location methods that require the detection of TWs
reflected from the fault point may fail [1]. The second adverse
scenario occurs due to adjacent or parallel lines connected to
the monitored line. In both topologies, the problem lies in
separating TWs reflected from the fault and those that come
from other lines connected to the monitored terminals [9].
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In [10], voltage and current signals are used to separate inci-
dent and reflected wavefronts in a High-Voltage Direct Current
(HVDC) system. Unfortunately, the analysis of voltage TWs in
High-Voltage Alternating Current (HVAC) systems is usually
avoided. Indeed, HVAC lines are normally equipped with cou-
pling capacitor voltage transformers (CCVTs), which usually
distort high frequency voltage components [11], making it
difficult to analyze voltage TWs [12]. Therefore, in actual
TW-based fault location schemes installed in AC systems, the
use of current signals taken from current transformers (CTs)
has been preferred [1], despite of difficulties to detect TWs
reflected from the fault point.

In this work, an innovative two-terminal TW-based fault
location formulation is proposed, which overcomes the afore-
mentioned drawbacks. It computes the fault location from
the time differences between the first incident TW and the
successive reflection from the fault point at each line end,
thereby the proposed formula requires neither an external
common time reference nor TW propagation velocity, i.e., data
synchronization and electrical line parameters are not needed.
Such potentialities have not been found in existing TW-based
fault location approaches, thereby the proposed solution may
be advantageous for utilities during fault location procedures.
Since TWs reflected from the fault point must be accurately
detected, a fault location methodology is also proposed to
overcome problems that may arise due to wavefronts reflected
from other system terminals.

To demonstrate the proposed formulation advantages, sev-
eral fault scenarios in a typical 500 kV/60 Hz line 200 km long
were simulated, assuming different data synchronism errors
and uncertainties in the monitored line electrical parameters.
To evaluate the influence of adjacent lines on the proposed
formulation, short lines connected at both terminals of the
monitored line were also modeled. The obtained results in-
dicate that the proposed fault location formula is accurate,
even in power systems with no common time reference and
significant uncertainties in line parameters.

II. BASIC CONCEPTS OF TW-BASED FAULT LOCATION
METHODS AND MAIN SOURCES OF ERRORS

The time-space diagram presented in Fig. 1 is used to
illustrate the propagation of fault-induced TWs along a trans-
mission line of length ¢, which connects the line terminals
where the fault location devices are installed: the local terminal
(Bus 7) and the remote terminal (Bus 7). In order to explain
the main sources of errors related to TW-based fault location
algorithms, adjacent transmission lines connecting buses iq4;
and j,q; to buses 7 and j, respectively, are taken into account.
As illustrated in the diagram shown in Fig. 1: the fault is
located at a distance d from Bus 7; the first incident TWs
reach buses 7 and j at the instants ?; and t;, respectively;
TWs reflected from the fault point arrive at buses ¢ and j at
t; and t;,., respectively; TWs refracted at the fault point reach
buses ¢ and j at ¢;; and t;;, respectively; TWs reflected back
from buses i,¢; and j,q; reach the monitored buses ¢ and j at
%Y and t?dj , respectively.

Fault Point

Fig. 1. Time-space diagram showing incident, reflected and refracted TWs
as well as their arrival times at local and remote line terminals.

Assuming the Bus ¢ as reference, the classical one-terminal
TW-based method estimates the fault location using:

d =05ty —t;)v, (1)

where d is the estimated fault location given in kilometers and
v is the TW propagation velocity.

If both line ends are monitored, the two-terminal classical
approach can be applied using:

d=0.5 [f — (tj — ti)v] . (2)

Ideally, if there are neither adjacent lines nor TWs refracted
at the fault point traveling toward the monitored line ends,
reliable fault location estimations are computed using (1),
because ¢; and ¢;. (as well as t; and t;,, if Bus j is taken
as reference) are easily detected. However, as depicted in Fig.
1, depending on the adjacent line length and on the fault
distance, TWs reflected from adjacent buses may reach the
monitored terminal before the wavefront reflected from the
fault point, leading to errors in the fault location process.
For instance, t; can be confused with t?dj or t;;, as well
as tj, with t‘;d] or tj;, if Bus j is taken as reference (see
Fig. 1). Facing this problem, the use of (2) seems to be a
good solution, since it requires the identification of incident
TWs only. Nevertheless, to properly compute the time period
(t; — t;), the clocks of both local and remote fault locators
must be synchronized, imposing obstacles to the application of
(2) in systems without a common time reference or when the
time reference signal is lost [13]. Additionally, although the
monitored line length can be experimentally estimated during
line energization maneuvers [14], in the classical formulations
(1) and (2), the propagation velocity is approximated to
v = 1/4/L1C4, where Ly and C; are the positive sequence
line inductance and capacitance per unit of length, respectively
[1]. Therefore, both one- and two-end approaches are subject
to errors due to uncertainties in line electrical parameters.

III. PROPOSED FAULT LOCATION FORMULATION

The proposed fault location formulation is derived from the
application of the classical one-terminal approach at both line
ends. In order to present its principles, the time-space diagram
illustrated in Fig. 1 is taken into account.

Assuming a precise detection at both line terminals of the
first incident TWs and their successive reflections from the
fault point, d and ¢ — d can be computed using:

d=0.5 (tir - tz) v, (3)
é—d:0.5(tjr—tj)’l). (4)
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Adding (3) and (4), the estimated line length lis computed:
C=d+(—d)=05[(tir —t;) + tjr —t))]v. (5

The fault distance estimation in per unit values glvpu can be
estimated dividing (3) by (5), i.e., dp, = d/{. Therefore, the
proposed fault location formulation is derived as:

= (tir — i)
dpy = .
(tir — ti) + (tjr — ;)
Analyzing (6), the following advantages are verified:
o As the time periods (t;» —t;) and (¢, —t;) are computed
at each line end separately, data synchronization is not
needed;
e Since v is not used in (6), the proposed formulation is
independent of the electrical line parameters;
 The per unit fault distance estimation d,,,, is not affected
by line length inaccuracies;
e The proposed formulation properly works even when the
faulted line conductors break;
o The fault location formula (6) can be implemented using
only aerial mode quantities, thereby it is applicable to all
fault types interchangeably.

(6)

If the fault distance in kilometers is of interest, the line
length £ must be known to compute the estimation d = d,{.
Although ¢ values are usually known by utilities, the total line
length could present some error [1]. If so, an approximate TW
propagation velocity can be used in (1) to estimate ¢ during
the energization maneuver of the monitored line [14], reducing
the influence of line length inaccuracies on the fault distance
estimation given in kilometers.

At this point of the development, the main challenge of the
proposed formulation becomes the correct identification of the
first TWs reflected from the fault point, which reach buses
i and j at t; and tj., respectively. As aforementioned, the
detection of ¢, and ¢, may be difficult to carry out depending
on the fault type and existence of adjacent lines. Hence, a fault
location methodology which allows the reliable application of
(6) is proposed. Fig. 2 depicts the flowchart of the proposed
methodology, whose blocks are described next.

A. Step 1: Modal Transformation

During transmission line faults, aerial and ground modes are
superimposed in phase quantities, making it difficult to analyze
TWs reflected from the fault point. Aiming to facilitate the es-
timation of ¢;, and ¢;,., aerial and ground modes are separated
by using modal transformations such as the Clarke, Wedephol
and Karrenbauer ones [1]. In the proposed methodology, fault-
induced TWs are extracted from aerial mode currents obtained
by means of the Clarke’s transformation [15].

B. Step 2: Detection of Incident TWs

In this step, fault-induced TWs are extracted from aerial
mode currents. To do so, several techniques available in the
literature can be used, such as those based on differentiator-
smoother filters [16], Park’s transformation [17], discrete
wavelet transform [18], etc. It should be highlighted that

o ™
ICT CTI

Step 1 | Modal Transformation | | Modal Transformation |

Communication
channel

Step 2 |Detection of Incident TWS} --------- |Detecti0n of Incident TWsl
Detection of TWs Reflected

S90S ] from the Fault Point ‘_

Step 4 Fault Location Estimation |—> (Ni;m

Fig. 2. Flowchart of the proposed methodology.

the goal of this paper is not to evaluate the performance
of TW detectors, but rather, to demonstrate the advantages
of the proposed fault location formulation. In this work,
the differentiator-smoother filter was chosen to extract fault-
induced TWs from the two-end measurements, since it has
unity gain and can be applied in real-time, not requiring large
computational burden [16].

In order to properly detect the first incident TWs on
transmission lines, filtered signals are usually compared with
thresholds. Basically, samples with magnitudes smaller than
the predefined threshold are discarded, eliminating the electri-
cal noise and system imbalance influence [19]. In this work,
for the sake of simplicity, the threshold is adjusted as a
percentage of the expected maximum fault-induced current
TW amplitude measured at the line ends. The amplitude of
a given measured current TW is the sum of the incident and
reflected wavefronts, so that it depends on system and fault
parameters, being calculated by [20], [21]:

\/§ . VSYS’ . sin(G) ZS — ZT
I = N1+ —— 7
w Zs+2-Rp < +ZS+ZT) 0

where Vgy s is the RMS voltage magnitude at the fault point,
0 is the fault inception angle, Rp is the fault resistance, Z;
is the line surge impedance and Zr is the termination surge
impedance behind the monitored terminal.

From (7), approximating Vsy g to the power system rated
voltage, Zr = 0  and # = 90° are used to obtain the
maximum expected incident current TW amplitude measured
at the line terminals for a solid ground fault case:

1%
ITW,maa: = 2\/5 ( SZ'YS> . (8)

A threshold equal to 1% of Irw,mae. Was used to test the
proposed formulation. To compute I7w,maz, Zs = 233 {2 was
considered, which is within the range of surge impedance val-
ues for typical 500 kV/60 Hz overhead lines [22]. Therefore,
the incident TW is detected as soon as the absolute value of
the filtered signal becomes higher than the threshold.
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C. Step 3: Detection of TWs Reflected from the Fault Point

Aiming to permit a reliable identification of the arrival
times at which the TWs reflected back from the fault point
reach the line ends, auxiliary pre-estimations m of the fault
distance are computed. From these pre-estimations, one can
define bounds for search fields in time within which reflected
TWs are expected to take place.

If synchronized records are available, pre-estimations m can
be computed by means of the two-end classical formula (2).
However, the proposed fault location formulation was devel-
oped to deal with unsynchronized data. Thus, in this work,
the auxiliary pre-estimations are computed using the method
reported in [5], which consists in the classical two-terminal
TW-based fault location approach adapted to operate in real-
time using two-end unsynchronized data. By compensating
the communication system latency effect, the fault distance
estimation d (in kilometers) is computed using [5]:

d=05[0—(r-D)7] , 9)

where 7 is the absolute value of the time difference between
the real-time detection of the first incident TWs at both line
ends, I' is the communication system latency and v is an
approximate value of the TW propagation velocity. Actual
fault locators usually consider v equal to 98% and 50% of
the speed of light for overhead lines and underground cables,
respectively [23]. Here, as an overhead 500 kV line is used to
evaluate the proposed formulation, v equal to 98% of the speed
of light is taken into account, but its setting for underground
cables would be straightforward.

In practice, I' = § + Ad [24], being ¢ the intrinsic com-
munication system latency and AJ its variability. If dedicated
fault locators are connected through dedicated communication
channels, the data transmission latency has negligible vari-
ability [5], i.e., I' is almost deterministic, being Ad ~ 0 and,
consequently, I' = §. As a result, I can be accurately estimated
and compensated in the fault location formulation [25]. Based
on that, if no common time reference is available, the use of
dedicated devices and communication channels is indicated for
the proposed fault location methodology, i.e., I' = § and § is
assumed to be known.

To create reliable search fields, pre-estimations m are
computed considering different values of Ad and v. As a
consequence, the search fields include a security margin which
accommodate an eventual communication latency variability
and possible deviations in the TW propagation times as well.
To obtain m values, § is assumed to be known and (9) is
applied considering the combination of different values of Ad
and v, resulting in:

m(Adp,vp) =0.5{ — [T — (6 + Adp)]T,} ,  (10)

where Ad, and v, represent, respectively, the limit values of
A and v taken into account during the computation of the
auxiliary pre-estimation m (note that Ad, # 0 and v, is not
equal to v used in (9)).

In this work, v, equal to 96% and 99% of the speed
of light and Ad, equal to —2 us and +2 ps are consid-
ered, resulting in four different m values. Therefore, being

M = [mq,ma,m3,m4] the vector with the four auxiliary pre-
estimations m, at the reference terminal (Bus 7), the left side
limit #;,7,; and the right side limit ,,,; of the proposed
reflected TW local search field are finally defined as follows:

tinf,i =t + (2/77avg) - min [M] R (11D
tsup,i = ti + (2/Tq0g) - max [M] , (12)

where 4 is the average propagation velocity obtained from
the v, values considered in (10) and min[] and max[] are
functions which return the minimum and maximum values of
the input vector.

In order to obtain the search field at the remote terminal,
i.e., tinf; and teyp j, (11) and (12) are properly applied taking
the Bus j as reference. Fig. 3 illustrates the search field created
to find the TW reflected at the fault point during a solid AG
short-circuit on a line 200 km long initiated at the phase A
voltage peak. The fault is 50 km away from the monitored
terminal and adjacent lines with length equal to 20 km are
assumed to be connected to the monitored bus.

As shown in Fig. 3, the TW reflected from the fault point
is in between other TWs, making it difficult to distinguish it
from TWs reflected from other system terminals. Although
two reflections from the adjacent line reach the monitored bus
a few microseconds before the TW reflected from the fault, the
proposed reflected TW search field properly restricts the region
within which the TW reflected from the fault point takes place,
resulting in the correct detection of the sought wavefront.
Therefore, from the analysis of the two-end measurements,
i and t;, are taken as the time instants at which the peak of
the absolute value of the filtered signals inside the local and
remote search fields are verified, respectively.

D. Step 4: Fault Location Estimation

In this step, a parabola-based interpolation technique is used
to further improve the accuracy of the time instants t;, t;,
i and t;, identified in steps 2 and 3. Three samples prior
and following the peak of the measured incident and reflected
current TWs (a total of seven samples of each wavefront) are
taken into account to fit a parabola, whose maximum value
is assumed to occur at the time instant at which the sought
wavefronts reach the monitored terminal [12]. Then, using the
refined values of ¢;, ¢;, ¢; and t;,., the proposed fault location
formula (6) is applied, resulting in the per unit fault location
distance dp,,, as illustrated in Fig. 2.

7 T
6F First 1‘t reflection tul/ - [ tﬁuv il
= incident TW from the Reflected TW
a S5t adjacent line . search field .
- =
2 4t nd . i
= 4 2" reflection Reflection  Successive
£ 3l from the fromthe  reflections |
g adjacent line fault point
=)
S5 2r
&
/|
o Threshold L Y Y
0 L — T
0 100 200 300 400 500 600 700 800
Time (ps)
Fig. 3. Search field of the TW reflected from the fault point.
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IV. PERFORMANCE EVALUATION

The proposed fault location methodology is evaluated
through Alternative Transients Program (ATP) simulations of
faults in the three-phase 500 kV/60 Hz power system shown in
Fig. 4. It consists of a transmission line 200 km long, adjacent
lines connected at buses ¢ and j, whose lengths are represented
by {1, {5, 3 and ¢4, and Thévenin circuits, which simulate
the power systems around the monitored line. The electrical
parameters of the modeled lines and Thévenin impedances
were taken from the Brazilian power grid.

Aiming to analyze the errors of the proposed formulation
itself, CTs at both line terminals were intentionally modeled
as ideal instrument transformers. A sampling frequency equal
to 1 MHz was simulated, so that secondary currents taken
from the CTs were filtered using anti-aliasing second-order
Butterworth filters with a cutoff frequency at 400 kHz.

In all simulations, the proposed fault location formulation
and the classical two-terminal approach were applied, whose
outputs will be represented hereafter by dprop and dejgss,
respectively. As the classical method depends on an external
common time reference, a GPS signal to synchronize the two-
end data was used. Also, the line length ¢ was assumed to
be known, such that d,., and dgqss are given in kilometers.
AG, AB, ABG and ABC faults were simulated, considering an
inception angle equal to 90°. For each fault type, solid faults
and faults with resistances equal to 50 {2 were analyzed. The
fault distance d was varied from 20 km to 180 km with steps
of 10 km and four different scenarios were evaluated: 1) ideal
cases, considering exact line parameters and data synchronized
via GPS; 2) line parameters with errors equal to =10% of the
actual values and data synchronized via GPS; 3) exact line
parameters and GPS data synchronization error equal to 100
us; and 4) simultaneous errors in line parameters (£10%) and
in GPS data synchronization (100 us).

Different values of /1, /5, {3 and ¢, were also considered.
Depending on the combination between the fault distance d
and {1, {5, ¢35 and {4, wavefronts reflected from the adjacent
buses and from the fault point may reach the monitored
terminals at the same time or at very close instants. As a
result, other TWs beyond those reflected from the fault point
may take place inside the search fields defined in Step 3, what
may lead to fault location errors. Therefore, to cover different
possible situations that may exist in practical cases, the lengths
£y, U5, 3 and ¢4 are adjusted considering: 1) adjacent lines
with lengths submultiples of the simulated fault distances: ¢;
=20 km, /5 = 50 km, /3 = 15 km and ¢4, = 35 km; and 2)

TW-Based | Communication | TW-Based
Fault Locator| channel Fault Locator|

1.0/0°pu 7 I” y CT Fault Pomtl1 o J ) Juai s, 0.95/-20°pu
60Hz6)—|:" ek Jod—-- :l—@ 60Hz
¥y
Z,s=0.692 +j6.010 QI d( 200k Z;=0.692+j6.010 Q
_ : (= m 7, = 8.354 +(30.476 Q
Zos = 8.354 130476 Q 7, =0.0346+j0.3005 Q/km oo !
o Laap Z,=0.4177+j1.5238 Q/km Jadi2 o
0.95/-20"pu i o j 1.0/0°pu
won e | 6| vi=jssi6pMuokm | 4 | Zae 7{214'
“ Y, = j2.8648 uMho/km ooz
Z,=0.692 +j6.010 Q

Z,1=0.692+6.010 Q

Zos = 8.354 +j30.476 Q Zy=8.3541]30.476 Q

Fig. 4. Single-line diagram for the tested three-phase 500 kV power system.

adjacent lines with lengths that are not submultiples of the
simulated fault distances: ¢; = 23 km, /5 = 54 km, /3 = 17
km and /4, = 38 km. Combining all fault and system variables,
1632 different simulations were analyzed.

A. Testing Results Considering Adjacent Lines with Lengths
Submultiples of the Fault Distances

Fig. 5 depicts the cumulative frequency polygons obtained
for dprop and deqss absolute errors. These polygons plot the
percentage of simulated faults against the maximum absolute
fault location error [26]. In ideal cases, as shown in Fig.
5(a), dprop and dgiqss proved to be reliable, resulting in
errors smaller than 200 m. Notwithstanding, d,;.p errors were
smaller than d.,ss errors in about 97.1% of the simulated
ideal cases. Meanwhile, when inaccuracies in line parameters
and in the two-end gata synchronism exist, dprop remained
more accurate than dj,ss. Figs. 5(b), (c) and (d) show that
the classical approach diverges (the cumulative frequency
polygons computed for d.;,ss do not reach 100% of faults
in the scenarios 2, 3 and 4 in the range of errors shown in the
figures), whereas, in all scenarios, dpp resulted in errors that
did not exceed 200 m in 100% of the simulations.

To highlight the advantages of the proposed formulation
over the classical two-end approach, Fig. 6 presents scatter
plots which show the dciqss and dp,op, absolute errors in the
horizontal and vertical axes, respectively, for each studied
scenario. In these plots, the light gray area (region at the
bottom right) and dark gray area (region at the top left) are
used to separate cases in which the proposed formulation
accuracy has shown to be better or worse than the one of
the two-terminal classical method, respectively.

Fig. 6 confirms that the proposed formulation is advanta-
geous over the classical fault location approach. Among the
evaluated cases, only in four fault cases in the scenario 1 (ideal
cases), dprop presented errors greater than those in deigss.
In these cases, TWs reflected from the adjacent buses arise
inside the reflected TW search fields, reaching the monitored
terminal at the same instant at which the TWs reflected from
the fault point arrive, thereby the sought wavefront is distorted.
However, even in these four cases, dprp leads to errors up to
200 m (i.e., smaller than a typical tower span [7]), which are
only 50 m greater than those of d.;,ss, revealing the proposed
methodology reliability. In the remaining scenarios, for which
inaccuracies in line parameters and data synchronization errors
were taken into account, d;;,p presented errors much smaller
than those obtained by d.;qss. As one can see in Figs. 6(b),
(c) and (d), all points lies within the light gray region for
the scenarios 2, 3 and 4, showing that d;,,, has been more
accurate than d.j,ss in all simulations.

B. Testing Results Considering Adjacent Lines with Lengths
that are not Submultiples of the Fault Distances

Fig. 7 presents the cumulative frequency polygons obtained
for dprop and dejqss absolute errors. Again, both dp,o, and
c’ivclass showed to be reliable in ideal cases. In fact, gp’r’op and
C’[class resulted in maximum errors up to 270 m. Even so, in
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about 99.3% of the simulated ideal cases, jpmp presented
errors smaller than those verified in dei.ss [Fig. 7(a)]. For
this percentage of cases, dp..p errors did not exceed the
order of 113 m. Furthermore, in the remaining scenarios, for
which inaccuracies in line parameters and in data synchronism
are considered, the proposed formulation has shown to be
tremendously superior than the classical approach. As shown
in Figs. 7(b), (c) and (d), the classical approach completely
diverges, in such a way that the cumulative frequency polygon
computed for dg,ss does not reach 100% of faults in the
scenarios 2, 3 and 4 in the range of errors illustrated in the
figures. On the other hand, d),., remained as accurate as in
the ideal case, presenting errors smaller than 113 m in 99.3%
of the simulated faults and a maximum error equal to 270 m.
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Fig. 8 presents scatter plots that relate d;la ss and mep
absolute fault location errors for each studied fault scenario.
Once more, as depicted in Fig. 8, the proposed formulation has
shown to be advantageous over the classical approach. Indeed,
it leads to errors much smaller than those obtained using the
classical two-terminal method, even in the ideal scenario [Fig.
8(a)], for which the classical approach works properly. Only in
one case the classical approach error was slightly smaller than
the one obtained from the proposed formulation. In this case,
wavefronts reflected from the adjacent buses take place inside
the reflected TW search fields, reaching the monitored terminal
at instants very close to that at which the TWs reflected from
the fault point arrive. Nevertheless, since the reflected TW
search fields used in the proposed methodology are narrow,
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only a very small deviation was verified. In fact, the error
difference between both classical and proposed approaches
was of about 100 m only, attesting a reliable performance
of the proposed methodology, even for the more adverse
scenarios. Moreover, as illustrated in Figs. 8(b), (c) and (d), the
errors in dp,., resulted in points inside the light gray region,
presenting values approximately 20 times smaller than those
in dgjqss in MOSt cases.

Table I presents the averages and standard deviations of
the absolute fault location errors computed for the estimations
delass and dprop, considering all the 1632 studied scenar-
ios simultaneously. The obtained results show that the pro-
posed fault location formulation presented overall errors much
smaller than those of the classical two-terminal approach. The
dprop estimations presented an average fault location error
equal to 31 m, whereas d.;,ss values resulted in an average
error of about 8.64 km. Furthermore, the standard deviation
obtained from gl},mp values was al§9 much smaller than that
computed for dgqss. Indeed, the dpyop estimations resulted
in fault location errors with a standard deviation equal to
36 m, whereas d.;,ss errors resulted in a standard deviation
of about 6.94 km. It reveals that the proposed fault location
methodology accommodates inaccuracies in transmission line
parameters and data synchronism errors better than the clas-
sical two-terminal TW-based fault location approach.

V. CONCLUSIONS

An innovative two-terminal TW-based fault location for-
mulation was presented in this work. It neither requires the
two-end data to be synchronized nor depends on the TW
propagation velocity, i.e., it is independent of the electrical
line parameters. To do so, the time difference between the
arrival of the first incident fault-induced TW and the suc-
cessive reflection from the fault point is computed at each
line end separately, overcoming the need for a common time
reference and eliminating the TW propagation velocity from
the fault location formula. To properly apply the innovative
formulation, a fault location methodology was also proposed.

The proposed formulation was evaluated by means of fault
simulations carried out using the ATP. To analyze the main
sources of errors which typically affect TW-based fault loca-
tion schemes, a three-phase 500 kV/60 Hz test power system
formed by a 200 km long transmission line with adjacent short
lines was modeled. The influence of different lengths of the
adjacent lines was also addressed. For each fault case, different
scenarios were simulated, in which two-end data synchronism
errors and inaccuracies in electrical line parameters were taken
into account. From the combination of both fault and system
variables, a total amount of 1632 different fault scenarios were
analyzed.

The obtained results show that the proposed formulation
is advantageous over the classical two-terminal approach,
specially when there are significant uncertainties in electrical
line parameters and in data synchronism. In all evaluated
scenarios, the proposed fault location methodology has shown
to be more accurate and reliable than the classical two-terminal
method, resulting in errors smaller than 270 m even in the

TABLE I
AVERAGES AND STANDARD DEVIATIONS OF THE ABSOLUTE FAULT
LOCATION ERRORS.

Analyzed Quantity Jdass mep
Average (km) 8.643 0.031
Standard Deviation (km) 6.941 0.036

most adverse scenarios, in which data synchronism errors and
inaccuracies in electrical line parameters are simultaneously
taken into account. Considering all simulations, the proposed
fault location methodology resulted in an average error of
about 31 m with a standard deviation equal to 36 m, whereas
the classical two-terminal approach diverged in some cases,
resulting in an average error in the order of few kilometers.
These results attest that the proposed formulation is accurate,
reliable and suitable for transmission networks in which nei-
ther a common time reference nor the exact transmission line
parameters are available.
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