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Abstract—This paper presents a multi-ended fault-locating
method that works in the time domain, i.e., it uses samples from
an arbitrary data window rather than phasors. The method is
based on the observation that the change in voltage at the fault
location estimated from the local terminal is the same as that
estimated from the remote terminal. The method uses the
measured instantaneous incremental voltage and instantaneous
incremental replica current to calculate the change in voltage at
the fault location as a function of the per-unit distance to the fault.
The method applies the Least Errors Squared (LES) algorithm
with an arbitrary data window to find the value of the distance to
the fault that yields the closest match between the two calculated
voltage changes. To improve accuracy and avoid faulted-loop
selection, the method uses the LES approach to match voltage
changes in multiple loops regardless of the fault type. The method
works very well for evolving and short-lived faults as well as for
resistive faults, including arcing faults. This paper is an expanded
version of our original work [1] and explains how to apply the
method to cables and hybrid lines, includes an application with
data that are not time aligned, and provides an incipient fault
example, among other topics.

L INTRODUCTION

Accurate and dependable fault locating improves power
system operations by shortening the line inspection time,
streamlining the repair work, and leading to faster restoration
of critical lines.

Traveling-wave-based fault locators (TWFLs) are accurate
and dependable. The pace of TWFL installations has increased
steadily in the last two decades, and since 2012, TWFLs have
been available in line protective relays [2] [3]. However, in rare
cases, such as an unfavorable type of line termination or faults
with precursors, a TWFL can fail to locate a fault, making an
accurate backup fault-locating method necessary.

Ultra-high-speed (UHS) line protective relays that are based
on fault transients (incremental quantities and traveling waves)
[4] emerged in the last decade. These relays [5] [6] routinely
trip in less than 3 ms. When applied with two-cycle breakers,
UHS relays often clear line faults in 1.5 power cycles. Such a
short fault-clearing time challenges fault locators that are based
on phasors. A full-cycle phasor estimator takes about
1.25 cycles to obtain a stable phasor. Just when the phasor
becomes stable at 1.25 cycles, the breaker starts to open at
1.5 cycles. As a result, a phasor-based fault locator may have
less than 0.25 cycle of stable fault phasor data to work with.
Transients present in the voltages and currents during faults
extend the phasor estimator settling time. As a result, a phasor-

based fault locator may have no accurate data to work with for
faults cleared in 1.5 cycles.

Shortening the phasor data window to cope with a shorter
fault duration reduces phasor accuracy and is therefore counter-
productive in an accuracy-focused application such as fault
locating.

Addressing evolving faults is another motivation for this
work. During an evolving fault, such as when an AG fault
evolves into an ABG fault in a few milliseconds, an extra
transition in the currents and voltages occurs between the fault
inception and breaker operation. As a result, a full-cycle phasor
estimator may never stabilize during an evolving fault.

Incipient cable faults, i.e., faults that last half a power cycle
or just a few half cycles before they clear on their own, pose
another fault-locating challenge. If a fault lasts only halfa cycle
(or less), a full-cycle phasor estimator does not reach a stable
response at all. Measuring a current phasor by using only half a
cycle of fault data is especially challenging because of the
decaying dc component in the fault current. This dc component
brings significant uncertainty as to the magnitude of the fault
current if only half a cycle of data is available.

We seek a multi-ended fault-locating method that is capable
of working on a short fault data window despite transients that
occur within that window. Another objective is to improve
fault-locating dependability and accuracy in low-sampling-rate
applications and fault-locating dependability in high-sampling-
rate (TW-based) applications.

To achieve these objectives, we developed a method with
the following characteristics:

e The method uses moderate sampling rates and can be
deployed in a typical line protective relay that samples
on the order of a few kilohertz or offline by using
waveforms from a typical digital fault recorder.

e The method uses only the positive-sequence line
impedance to avoid errors associated with the zero-
sequence line impedance.

e The method uses an arbitrary data window size,
allowing for windows as short as half a power cycle.

e The method is unaffected by the placement of the data
window with respect to the fault inception as long as a
significant portion of the data window includes the
fault state.

e The method works without faulted-loop selection logic
and therefore performs well for evolving faults,



including internal faults at the same location as well as
external-to-internal and internal-to-external faults.

e The method works for high-resistance, intermittent,
and arcing faults.

e The method works for multiterminal lines by
identifying the faulted line section and providing the
fault location within that section.

e The method works for hybrid lines comprising
overhead line sections and underground cable
sections.

This paper derives the new method (Section II) and
illustrates it with several examples that use faults recorded in
the field (Section III). Section IV discusses the accuracy and
important characteristics of the method. Sections V, VI, and VII
address applications to multiterminal, cable, and hybrid lines.
Section VIII addresses the application of the method with local
and remote records that are not time-aligned. Finally, to support
the accuracy claims, Section IX shows the performance of the
method for over 100 faults recorded in the field.

II. NEW TIME-DOMAIN FAULT-LOCATING METHOD

A. Basic Principle

Consider a power line between the local terminal L and the
remote terminal R, as shown in Fig. 1. Z; is the complex
positive-sequence line impedance and m is the per-unit fault
location relative to the local terminal.
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Fig. 1. Power line and associated variables.

Consider instantaneous incremental (A) voltages and
currents at the local and remote terminals. We obtain the
incremental signals by subtracting one- or two-cycle-old values
[4]. The subscript Z in Aiz denotes a replica current, i.e., the
current obtained by using a unity impedance that mimics the
positive-sequence line impedance (R is the line resistance and

L; is the line inductance) [4]:
YR YN S (1)
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We calculate the change in voltage Avr at a per-unit fault
location m by using the local measurements:

Avg, = Avy, —m - [Z,] - Aig, 2

Similarly, we calculate the change in voltage Avr at a per-
unit fault location m by using the remote measurements:
Avpg = Avg — (1 —m) - |Z,] - Aizg 3)

When calculated for the true fault location my, the values
from (2) and (3) match, as Fig. 2 illustrates.

The incremental voltages and incremental replica currents
are instantaneous values (samples). Therefore, the change-in-
fault-location-voltage signals (2) and (3) are also instantaneous
values, as Fig. 3 illustrates.

Fig.2. The local and remote change-in-fault-location-voltage
estimates intersect at the true fault location.

Fig. 3. The change-in-fault-location-voltage signals for the true
fault location and two adjacent locations.

The change-in-fault-location-voltage signals develop from
zero and reflect the change in voltage from pre-fault to fault
values, including transients. The estimate from the local
terminal (2) and the remote terminal (3) match for the true fault
location, irrespective of the transients. It is, however, beneficial
to pass signals (2) and (3) through a low-pass filter to remove
signal components that do not depend on the fault location, such
as oscillations related to the line capacitance. For example,
relays [5] and [6] use second-order filters that attenuate their
input signals by —20 dB at 0.4 kHz.

B. LES Calculations
We use the Least Errors Squared (LES) algorithm to
calculate the actual fault location mo by minimizing the
difference between (2) and (3) over a time window Tw:
(Avg, — Avgr)? > Minimum 4)

Tw



We insert (2) and (3) into (4) and solve for mg as follows:
SN

=— 5
my Sp @)
where the numerator and denominator sums are:

Avy, — Avg . : .

SN = Z (T + AlZR) * (AIZL + AIZR) (6)
Tw 1
Sp = ) (Bizy + Aizg)? e
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Equations (5), (6), and (7) define our basic fault-locating
method. These equations are very simple and involve sums over
a time window Tw of expressions that combine samples of the
local and remote incremental voltages and incremental replica
currents.

C. Loop Quantities

The traditional approach to impedance-based fault locating
requires using the voltage and current of the faulted loop. For
example, fault locators use the AG loop for A-phase-to-ground
faults and the AB loop for A-phase-to-B-phase faults. Our
method can be applied in this traditional way by using the
instantaneous loop voltages and currents (see [4] for details on
forming fault loop voltages and currents in the time domain).

However, our method does not require faulted-loop
selection logic and can be applied by using only the phase-to-
phase loops. The phase-to-phase voltages at the fault location
change for both phase-to-ground and phase-to-phase faults. For
example, during an AG fault, the AG, AB, and CA voltages
change significantly. Equations (5), (6), and (7) can be applied
to the AG loop, the AB loop, and the CA loop and will yield
nearly identical results. Therefore, we can use the phase loops
for all fault types, including single-phase-to-ground faults.

Using only phase loops improves accuracy by not having to
rely on the zero-sequence line impedance, which is typically
less accurate than the positive-sequence line impedance. The
zero-sequence line impedance depends on soil resistivity along
the line path at the time of the fault. Additionally, mutual
coupling with parallel lines, rail tracks, and pipelines affects the
zero-sequence voltage and current components.

We avoid faulted-loop selection logic by redefining the LES
approach (4) to include the sum of differences between the local
and remote change-in-fault-location-voltage estimates in the
OO loops as follows:

CA
(AVeLoo — AVERee)? = Minimum @
DD=AB Ty

where @ is the phase-to-phase loop index.
We solve the LES problem formulated as (8) and obtain:

cA
AVipep — AVRoo .
Sy = <—|Z | + AIZRCDCD) )
SD=AB Ty 1
* (QizLepe t Aizroo)
ca
Sp = (QizLpe + Aizres)® (10)
DD=AB Tyy
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Equations (5), (9), and (10) define our advanced fault-

locating method. These equations are very simple and involve
sums — over a time window Tw and over all three phase loops —
that combine samples of the local and remote phase-to-phase
incremental voltages and phase-to-phase incremental replica
currents.
We can further expand our method by remembering that the
method matches the change-in-fault-location-voltage signals,
and it will continue to work if it matches fractions of these
signals. Equations (5), (9), and (10) match the phase-to-phase
voltages, which are scaled beta Clarke components [2]. The
method can also match the alpha components (phase
components minus the zero-sequence or ground component),
and by doing so, it would eliminate the impact of the zero-
sequence line impedance errors. In theory, an expanded method
can use (5), (9), and (10) and sum all six aerial components
(three alpha components and three beta components) instead of
the three phase-to-phase (beta) components. However, we can
prove that the Sx and Sp sums for the three beta components are
exactly the same as the sums for the three alpha components.
Therefore, our advanced method already brings all the benefits
of using both the beta and alpha components.

Note that the denominator (10) is never zero for internal
faults because it reflects current that flows through the fault
path at the fault location. As a result, the method is numerically
robust and stable.

D. Window Selection

Our method allows for flexible selection of the beginning
(Tp) and length (Tw) of the data window (see Fig. 4).

Fig. 4. Data window position and length.

It is beneficial to start the data window a few milliseconds
into the fault. This delay allows for purging the data window
from transients that do not depend on the fault location. These
transients are primarily the high-frequency components in the
voltage signals and the step response of the low-pass filters that
the fault-locating devices use when acquiring voltages and
currents. Also, capacitively coupled voltage transformers
(CCVTs) exhibit a low-pass frequency response and smooth the
falling edge of the voltage at the fault inception. Avoiding the
first one or two milliseconds of data allows us to leave this
CCVT artifact out of the input data used by the method. On the
other hand, the -change-in-fault-location-voltage signal
develops from zero and therefore is relatively small in the first
few milliseconds after the fault inception. Additionally, the
aforementioned transients tend to partially average out. As a
result, the initial data do not affect the LES sums much and
delaying the data window is beneficial but not strictly required.



The length of the data window (Tw) should be shorter than
the shortest possible fault duration. In applications with phasor-
based relays, consider using Tw = 2 cycles. In applications with
transient-based UHS relays, consider using Tw =1 cycle. In
applications to locate incipient cable faults, consider using
Tw = 0.5 cycle. Of course, the window length does not need to
be a multiple of half a cycle. Also, the window does not need to
perfectly envelop the fault interval. The impact of starting the
window too early or closing it too late is negligible.

The data window length can be adaptive. For example, the
fault-locating logic can close the data window 1 cycle after the
relay has issued the trip command. Alternatively, the logic can
analyze the current waveform to detect the time of the open-
pole condition and close the data window just before the open-
pole condition occurs.

III. EXAMPLES OF OPERATION

A. Fast-Clearing Fault

A UHS relay [5] installed on a 345 kV, 109.32 mi line in a
60 Hz system tripped in 2 ms for a BG fault. Owing to the two-
cycle breakers, the total fault duration was only 24 ms or
1.44 cycles. Fig. 5 shows the local and remote voltages and
currents.

The utility reported the true fault location as 41.91 mi. Our
method calculated 42.603 mi (an error of 0.6 percent of the line
length). A traditional phasor-based fault-locating method has
no accurate data to work with for this fault because just when
the full-cycle phasors are about to stabilize, the breaker
interrupts the current and initiates a new transient. This absence
of a stable phasor is especially pronounced in the voltage signal
because the voltage has sizeable transients that last for about
half a cycle. When the breaker starts to open, these transients
are not flushed from the effective 1.25 cycle data window of the
phasor estimator.

Fig. 5 shows the change-in-fault-location-voltage signals
(the BC loop) calculated from both terminals of the line
according to the new fault-locating method. The two estimates
(the red and blue traces in the bottom plot) match very well, as
expected for an accurate fault-locating result.

We use this example to demonstrate the sensitivity of the
new method to the distance-to-fault value m. Ideally, we want
the LES sum to change as much as possible when m changes.
Fig. 6 shows the square root of the LES value (8) normalized
by dividing it by its highest value for any assumed fault location
along the entire line. Note that the value of the square root of
the LES sum for the true fault location is only 0.016 pu of the
maximum value and the plot is steep, with a single valley
clearly pointing to the correct fault location.

Fig. 5.

Fig. 6.

Fast-clearing fault example.

Sensitivity of the LES sum with respect to the fault location.



We introduce a different measure, the goodness of fit value
g, for the purpose of approximating the quality of the fault
location. We use the square root of the LES value and normalize
it, not with respect to the highest value for any assumed fault
location but with respect to the rms magnitudes of the change-
in-fault-location-voltage signals, as follows:

Sa
e=—-100% (11)
S
where:
cA
Sa = (AVELpep — AVERepa)? (12)
DPD=AB Ty
cA
Sg = AVFL(D(DZ
DD=AB Ty
(13)
CA
+ z z AVireo”
dP=AB Ty

The goodness of fit value, ¢, is a Euclidean distance between
the two change-in-fault-location-voltage signals in per unit of
the Euclidean norms of these signals. By using this definition,
we do not consider all potential fault locations (like in Fig. 6).
We consider only the location obtained from our method.

The ¢ value is always between 0 and 100 percent. € = 0 if the
two signals are identical (perfect fit, maximum similarity). € =
100 if the two signals are as different as possible (identical in
value and opposite in polarity, maximum dissimilarity).

To develop an intuitive understanding of €, consider that if
the local and remote change-in-fault-location-voltage estimates
differ on average by 1 percent, the € value is about 0.5 percent.
An elevated ¢ value can indicate the following issues: CCVT
transients that make the shape of the incremental voltages
different between the terminals, CT saturation that makes the
shape of the incremental replica currents different between the
terminals, large capacitive charging current (as compared to the
fault current) that makes the method less accurate, and large
line-side reactor currents (as compared to the fault current) that
similarly make the method less accurate. The & value may
provide a degree of confidence for the accuracy of the fault-
locating result, but it cannot be solely relied on as a true
accuracy indicator. That is, we generally expect that a low &
value is consistent with an accurate fault-locating result.
However, there may be cases where the fault location is highly
accurate even though the ¢ value is high and vice versa. It is
good practice to inspect the relay signals if the € value is greater
than about 2 percent.

The ¢ value for the case shown in Fig. 5 is 1.4 percent and
indicates a high quality of the fault-locating result. Of course,
the accuracy may be affected by errors in the line impedance
setting or the line length setting, but the 1.4 percent value
implies that the performance of the method was nearly perfect
given the measurements and settings.

B.  Evolving Fault

A UHS relay [5] installed on a 161 kV, 72.78 mi line in a
60 Hz system recorded an AG fault that evolved after 11 ms
into an ACG fault. Fig. 7 shows the local and remote voltages
and currents. The relays were installed in an evaluation mode
and did not trip the breakers, hence, the relatively long fault
duration.

Fig. 7. Evolving fault example.

By using the TW record, we obtained the true fault location
of 27.638 mi. Our method calculated 27.706 mi (an error of
0.1 percent of the line length).

Fig. 7 shows the change-in-fault-location-voltage signals
(the CA loop) calculated from both terminals of the line



according to the new fault-locating method. The two estimates
(the red and blue traces in the bottom plot) match very well, as
expected for an accurate fault-locating result. Note that the
change-in-fault-location-voltage signals experience a new
transient when the second fault occurs 11 ms after the initial
fault. As expected, the two signals continue to match after the
fault evolves.

A traditional phasor-based fault-locating method would face
problems in this case because the phasors do not stabilize
during the first fault. The fault evolves in 11 ms or 0.66 cycle.
Therefore, the full-cycle phasors would stabilize at 0.66 cycles
+1.25 cycles =1.91 cycles. If the UHS relay [5] had been wired
to trip, the fault would have been cleared by then.

C. Incipient Fault

A UHS relay [6] installed on a 275 kV, 352.58 km line in a
50 Hz system recorded an internal event in the C phase. Fig. 8
shows the local and remote voltages and currents. We are
confident that this event was internal to the line because of the
following evidence:

e The event direction is forward at both line terminals.
The voltage and current shift in opposite directions,
indicating a forward event [4].

e The TD32 incremental-quantity directional elements
asserted in the forward direction at both line terminals.
These elements have a solid security record in the
field, and they operated correctly in this case.

e The polarities and arrival times of multiple current
TWs at the local and remote terminals are consistent
with an internal event occurring 195.83 km from the
local terminal, according to the TW fault-locating
method.

e The polarities of the first current TWs at the local and
remote terminals are consistent with the polarity of the
pre-fault voltage at the event location.

We do not have confirmation from the user regarding the
location or nature of this event. We know surge arresters are
installed along the line and the event could have been the result
of an arrester conduction. We are confident, however, that the
event happened 195.83 km from the local terminal.

Although the UHS relays [6] were installed in an evaluation
mode and did not control the breakers, the POTT scheme
operated for this event, giving the user an option to trip for this
kind of event. If tripping for this short-lived self-healing event
is not desired, the user can desensitize the POTT scheme by
increasing the incremental overcurrent pickup threshold [4] [6].

Fig. 8. Incipient fault example.

Our new fault-locating method located this event 185.47 km
from the local terminal. Comparing this result to the TW-based
location, the error is 2.9 percent of the line length. This result is
very encouraging, considering that the elevated current lasted a
fraction of a millisecond and the line is very long and had
significant charging current oscillating for a long time after the
event briefly changed the voltage. Fig. 8 shows the change-in-
fault-location-voltage signals (the CA loop) calculated from
both terminals of the line according to the new fault-locating
method (the red and blue traces in the bottom plot). The change-
in-fault-location-voltage signal is relatively small (about
10 percent of nominal voltage) and dominated by an oscillatory



300 Hz component. The change-in-fault-location-voltage
signals estimated from the local and remote terminals match
reasonably well, but not perfectly. Specifically, the peak values
in the local estimate are slightly higher than in the remote
estimate, and there are higher frequency oscillatory
components on the order of about 1.4 kHz that differ between
the two estimates. We attribute these differences to the line
charging current. To improve the match, we lower the cut-off
frequency in the low-pass filter. We can use (11), (12), and (13)
to calculate the goodness of fit value for this case and obtain
14.6 percent. Based on our experience (see Section 1X) this
value may indicate that the locating error is at the level of
several percent of the line length.

Overall, the method performs very well given it is working
with transients and no fundamental-frequency signals that
encode the event location.

D. Arcing High-Resistance Fault

A UHS relay [6] installed on a 230 kV, 68.99 mi line in a
60 Hz system recorded an arcing high-resistance BG fault.
Fig. 9 shows the local and remote voltages and currents. The
TW-based fault locator did not report any results for this fault,
most likely because of fault precursors and TW activity prior to
the rise of the fault current.

Fig. 9 shows the change-in-fault-location-voltage signals
(the AB loop) calculated from both terminals of the line
according to the new fault-locating method (the red and blue
traces in the bottom plot). The change-in-fault-location-voltage
signal is small (about 5 percent of nominal voltage) and rich in
harmonics. Because the voltage at the fault location does not
change much, the fault resistance must be very high.
Additionally, the current continues to gradually increase from
the load level to the fault level. This pattern suggests that the
fault path becomes more conductive with the passing of time,
as is the case for an arcing fault, a fault caused by a tree contact,
or a fault caused by fire inside the line right of way (such as a
sugar cane fire).

The utility reported the true fault location (see Fig. 10) as
24.6 mi. Our method calculated 23.79 mi (an error of
1.1 percent of the line length). The two change-in-fault-
location-voltage signals match very well (the red and blue
traces in the bottom plot of Fig. 9), as expected for an accurate
fault-locating result, despite the fault resistance being high,
nonlinear, and decreasing with time.

A traditional phasor-based fault-locating method would face
challenges for this fault. The phasors do not stabilize because
the voltage and current phasors keep changing, and the high
fault resistance adds other challenges. The single-ended
impedance-based method reported the fault location as
36.522 mi (an error of 17 percent of the line length). The fault
resistance and the nonstationary nature of the current cause this
large error.

Fig. 9. Arcing high-resistance fault example.

Fig. 10. A tree contact was the cause of the fault shown in Fig. 9
(photograph and fault records courtesy of Puget Sound Energy).



E.  Fault During a Single-Pole-Open Interval

A UHS relay [5] installed on a 230 kV, 28.4 km line in a
60 Hz system recorded a fault during a single-pole-open
interval. Fig. 11 shows the local and remote voltages and
currents. The protection system issued a single-pole trip for the
initial CG fault (not shown in the figure). 90 ms after the
breakers opened the C pole, a second fault (AG) occurred.
Fig. 11 shows the beginning of the second fault. The C-phase
voltage is not zero because of the coupling to the energized A
and B phases. When the second fault happens, the C-phase
voltage changes because of the voltage component induced
from the A-phase current.

Fig. 11. An AG fault during a C-pole-open interval.
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We obtained the true fault location of 3.267 km for the
second fault by using the TW record. Our method calculated
3.01 km (an error of 0.9 percent of the line length).

Fig. 11 shows the change-in-fault-location-voltage signals
(the AB loop) calculated from both terminals of the line
according to the new fault-locating method. The two change-
in-fault-location-voltage estimates (the red and blue traces in
the bottom plot) match very well, as expected for an accurate
fault-locating result, despite the fact that the line operated under
the single-pole-open condition. During the C-phase open
condition, the method processes only the AB loop to avoid
using the C-phase voltage because this voltage is not related to
the fault location, especially if the relay is connected to bus-side
VTs or the line has line-side reactors installed.

Because of the open-pole condition, single-ended phasor-
based fault-locating methods would face challenges because
they cannot use any of the typical polarizing signals, such as the
negative-sequence current.

IV. AcCCURACY CONSIDERATIONS

As the previous section illustrates, the new method is
accurate and robust. In this section, we consider several
application and accuracy factors. Reference [7] contains more
information on fault-locating errors in general.

A. Instrument Transformer and Relay Input Errors

The method is based on voltages and currents, and therefore
the instrument transformer and relay input errors affect the
fault-locating accuracy. However, because the method is a
double-ended method and it uses measurements from three
phase-to-phase loops, these errors have a high probability of
partially canceling (the method uses 12 signals irrespective of
the fault type).

Current transformer (CT) saturation errors and CCVT
transient errors are significantly higher than ratio errors, and
therefore they impact the fault-locating accuracy to a higher
degree. Our method can be enhanced to avoid using fault loops
that contain significant CT or CCVT errors. For example, if the
A-phase CT saturates during an AB fault, the method can use
the BC loop instead of all three loops, and by doing so, it avoids
using the A-phase current from a saturated CT.

B.  Remote Data Alignment Errors

The method uses the local and remote voltages and currents
and requires these two data sets to be time-aligned. A data
alignment error may affect the fault-locating accuracy.
However, owing to the relative homogeneity of the
incremental-quantity equivalent network, especially for the
phase loops, one may correct the method for the data
misalignment. In homogeneous networks, the change-in-fault-
location-voltage signals calculated from the local and remote
terminals are in phase, and one may just shift the remote signal
to align with the local signal before matching the signal
magnitudes by using the LES algorithm (see Fig.3, Fig. 5,
Fig. 7, Fig. 8, Fig. 9, and Fig. 11). Section VIII discusses
applications with records that are not time-aligned and ways to



detect and compensate for poor alignment in installations that
are expected to provide time-aligned fault records.

C. Line Characteristics and Mutual Coupling

Line impedance errors affect fault-locating accuracy. Our
method avoids using the zero-sequence line impedance for
ground faults, and as a result, it has better accuracy (no impact
from soil resistivity and mutual coupling). Using all three phase
loops for all fault types allows the method to average (at least
partially) errors related to line transposition. The voltage-drop
equations (2) and (3) neglect the line capacitance, resulting in a
small error. Applying low-pass filtering to the change-in-fault-
location-voltage signals remediates this issue to a great degree
(all examples in this paper apply low-pass filtering).
Additionally, the voltage-drop equations (2) and (3) can be
expanded to approximate the line charging current in the time
domain and further improve the fault-locating accuracy.

We may use fault records for external faults to fine-tune the
line impedance magnitude [8]. To apply this concept to our
method, we find the value of |Zi| that minimizes the LES
difference between two voltage values: 1) the measured change
in voltage at the remote terminal and 2) the change in voltage
at the remote terminal calculated from the change in voltage at
the local terminal and the line incremental replica current. This
process results in (14):

2] = 2
il=5 (14)
where:
CA
Sp = (AVipep — AVrRoa) (15)
®DP=AB Tw
' (AiZL(D(D - AiZR(D(D)
cA

1 . . 2

SQ = E (Aizppe — Aizrepe) (16)

DDP=AB Ty

In the above equations, we used half of the difference of the
local and remote currents for better accuracy (for external
faults, the two currents are ideally identical in value and
opposite in polarity).

Using external faults to fine-tune the line impedance
magnitude can improve the overall experience over the fault
locator installation lifespan. However, (14) to (16) yield
numerically accurate results only if the incremental voltage
drop across the line is sufficiently above the VT and relay
voltage measurement errors. Before using the equations to fine-
tune the |Z:| magnitude, ensure that the difference between the
local and remote terminals in the incremental phase-to-phase
voltages that include the faulted phase(s) is greater than
10 percent of the nominal voltage.

D. High-Resistance Faults and Arcing Faults

The method works by matching the change-in-fault-
location-voltage signals obtained from both ends of the line on
a sample-by-sample basis. As such, the method is not
concerned with the shape of the change-in-fault-location-
voltage signal. As a result, the method works very well for high-
resistance faults and for arcing or even intermittent faults. Of
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course, a fault with extremely high resistance would not depress
the voltage at the fault location much, and as a result, the
method would operate on signals that are low relative to the
measuring range of the VTs and the relays (see Fig.9).
Operating on low voltage signals would increase the fault-
locating error. However, in general, the method works
substantially better for resistive faults than impedance-based
and traveling-wave-based methods (see Subsection I11.D).

E.  Evolving Faults

The method works by evaluating all three phase loops, and
as such, it does not need to know which phases are involved in
the fault. As a result, the method works inherently well, even if
the fault evolves within the LES data window (see
Subsection I11.B).

It is also important to realize that an external unbalance does
not upset the voltage-drop equations (2) and (3). Specifically,
an external fault could occur immediately before,
simultaneously with, or immediately after the internal fault, and
the method will perform well despite the external fault.
Similarly, if a switching event occurs immediately before,
simultaneously with, or immediately after the internal fault, the
voltage-drop equations (2) and (3) hold, and the method works
well.

Two simultaneous or nearly simultaneous internal faults at
different locations is another special case to consider. Such
faults could happen as a result of back flashover during
lightning strikes or because of the voltage swell in the healthy
phases as a result of the initial single-phase-to-ground fault. Our
method can be used to detect the presence of two internal faults.
When applied to loops that involve faulted phases, the method
yields similar results in each loop as long as there is only one
fault in a particular location. If different loops yield different
results, it is likely that the line has two or more simultaneous
faults at different locations. Calculating the fault location
separately for all six loops may allow us to locate both faults.

F.  Faults During Single-Pole-Open Conditions

In single-pole tripping and reclosing applications, the line
may suffer a second fault during the single-pole-open interval.
Traditional impedance-based fault locators face challenges in
locating such faults because the open-pole condition prevents
the application of advanced polarizing methods, such as using
the negative-sequence current. Our method performs very well
because the voltage-drop equations (2) and (3) hold even if
some breaker poles are opened. However, because the line-side
voltage in the open phase is coupled to the energized phases and
may exhibit ringing if line-side reactors are installed, apply our
method only on the phase loop that does not involve the open
phase. For example, if the C pole is opened, the method
suppresses the BC and CA loops in the sums (9) and (10), and
by doing so, it uses only the AB loop. All fault types that may
happen during the C-pole-open condition (AG, BG, AB, and
ABG) change the AB voltage and allow the method to operate
correctly (see Subsection IILE).



G. Incipient Cable Faults

The method can locate incipient cable faults. Because often
the cable protection system does not trip for these faults (they
self-extinguish before the protection elements or schemes can
operate), use a disturbance detector to trigger the fault locator
to perform the calculations. When our method is triggered
unintentionally for an external event, such as by a switching
event or an external fault, our method yields a meaningless fault
location. You can dismiss these invalid results based on the
fault location values and by comparing polarities of the local
and remote incremental replica currents and rejecting cases for
which the polarities do not match. See Section VI for more
information on applications to cable lines.

H. Line Terminations, Fault Distance, and Point on Wave

TW-based methods have a proven track record in the field
of locating faults to within a tower span (300 m or 1,000 ft), and
they have good dependability for a wide range of faults and
system conditions. However, these methods do have
dependability challenges, including application to short lines
and — when using currents only — lines terminated with a high
surge impedance, such as with only a power transformer or
series reactor. Furthermore, faults that occur close to a line
terminal or a tap or near a voltage zero-crossing may also
challenge the dependability of TW-based methods. The method
described in this paper is not affected by line terminations, line
length, line taps, fault distance, or fault point on wave.
Therefore, it remains highly dependable and accurate under
these conditions.

A special termination case is a line-end-open condition. A
double-ended TW-based fault-locating method that is based on
current would fail in this case. Of course, the single-ended
impedance-based method would work reasonably well because
there is no infeed effect from the open line terminal. Our
method works well as long as the voltage is measured on the
line side of the open breaker as is typically the case in high-
voltage applications (Fig. 12). As we would expect, the voltage
rise along the line due to the line capacitance (the Ferranti
effect, not shown in Fig. 12) may degrade the accuracy of fault
locating to some degree.

Naturally, the method works well if one of the terminals is
very weak (very small change in current and voltage as opposed
to no change in current as shown in Fig. 12). Note, however,
that faults always cause some change in either voltage or
current, even if the terminal connects only loads and not
sources.

Fig. 12.
condition.

[lustration of the method operation during a line-end-open
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V. APPLICATION TO MULTITERMINAL LINES
You can apply the new method to multiterminal lines (lines
with three or more terminals) by following this three-step
procedure:

1. Identify the faulted section by matching the change-
in-voltage signals at the line tap location(s).

2. Calculate the incremental voltages and incremental
replica currents at the terminals of the faulted section.

3. Apply the two-terminal method from Section II to the
faulted line section.

Consider the three-terminal line shown in Fig. 13.

L R
i Zi7 T Zrt |

Fig. 13. Three-terminal line example.

h

The method calculates the change-in-voltage-at-the-tap (T)
signals, assuming all line sections are healthy:

Avry, = Avy, — |Zig| - Aigy, (17)
Avrg = Avg — |Zgr| - Aizg (18)
Avrq = Avg = |Zor| - Bizq (19)

For the case shown in Fig. 13, (18) and (19) yield very
similar values but (17) yields a different value because the fault
makes (17) inaccurate. These results confirm that section LT is
faulted and sections RT and QT are healthy. To compare the
change-in-voltage-at-the-tap  signals, use the squared
differences between (17), (18), and (19) over the same data
window as in the fault-locating calculations. For example, to
compare (17) and (18), use:

CA

(Avrree — AVTRCDCD)Z (20)

SD=AB Ty
Knowing that the LT section is faulted, the method
calculates the incremental voltage and incremental replica
current at the tap T of the faulted section as follows:

1
AVT = E (AVTR + AVTQ) (21)

(22)

Equation (21) averages the two voltage calculations from the
R and Q terminals to provide additional accuracy (the two
values being averaged are ideally the same). Equation (22)
follows Kirchhoff’s current law for the node T.

Finally, the method applies the two-terminal procedure from
Section II to the signals labeled L and T while using the Zr line
section impedance. The fault-locating result is in per unit of the
faulted line section LT.

When the line sections are not homogeneous (i.e., they have
different X/R ratios), obtain the replica currents (1) and use the
corresponding line section impedance: Zir in (17), Zrr in (18),
ZQT il’l (19), and ZLT il’l (22)

AiZT = AiZR + AIZQ



VI. APPLICATION TO CABLE LINES

Underground or undersea cables differ from overhead lines
in many respects. On the basis of per unit of length, they have
lower impedance but draw higher capacitive charging current.
In single-core cables, all conductors are shielded as a group. In
three-core cables, each phase conductor is shielded separately.
The shields may be bonded and grounded along the cable path.
As a result, the zero-sequence representation of a cable may
differ from that of an overhead line. Phase faults in single-core
cables are practically impossible, and most faults are ground
faults. Phase-to-phase mutual impedances in single-core cables
are practically zero. Given all these characteristics, can we
apply our approach of using phase-to-phase loops to fault
locating in cables?

To answer the question, it is important to realize that the
differences between cables and overhead lines are of degree and
not kind. An overhead line operates with ground under the
conductors and in the presence of a shield wire that may also be
grounded along the line path. As a result, we can represent both
a cable and an overhead line by using the same line impedance
matrix, except the matrix for a cable has significantly different
values than the matrix for an overhead line. Owing to this
mathematical similarity, we can state that our method of using
phase-to-phase loops to locate ground faults in cables works
correctly.

Moreover, by avoiding the zero-sequence line impedance and
voltage and current components, the method has better
accuracy than traditional fault-locating methods that work with
ground loops. Consider the following field case as an example.

A line current differential relay [3] installed on a 345 kV,
9.40 mi underground cable in a 60 Hz system tripped for a BG
fault. Fig. 14 shows the local and remote voltages and currents.

The utility reported that the fault was a failed arrester within
the cable protection zone at the remote substation. We
substantiate this information in Fig. 15 by plotting the faulted-
phase differential current to approximate the fault path current.
The current waveform shows a pattern consistent with repeated
starting and stopping of a current flow with the periods of no
conduction getting progressively shorter and the magnitude
increasing until the point of total failure and the rise of the large
fault current at t = 0, as shown in Fig. 14 and Fig. 15.

Our method calculated a fault location of 9.121 mi (i.e.,
0.279 mi away from the remote substation). Fig. 14 shows the
BC change-in-fault-location-voltage signals calculated from
the local and remote terminals. These signals match very well,
indicating a high confidence level for the accuracy of the fault-
locating result. The fault location error of 0.279 mi (1,470 ft,
450 m, or 3 percent of the line length) is likely a combination
of instrument transformer errors, finite line impedance
accuracy, and the cable charging current. Additionally, the VT
and the busbar may be some distance apart from the location of
the arrester at the overhead-cable junction. In other words, there
is a possibility that the failed arrester was located not at the
remote VT but some distance away from it.

Fig. 14.

Fig. 15.

Cable fault example.

Differential B-phase current.
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VIIL

We can apply the new method to hybrid lines comprising
overhead line (OHL) sections and underground cable (UGC)
sections by following this multistep procedure:

1. Assume a faulted section of the line.

2. Calculate the incremental voltages at both terminals
of the faulted line section by using the local and
remote voltages and currents.

3. Apply the two-terminal method from Section II to the
faulted line section.

APPLICATION TO HYBRID LINES

4. Determine if the calculated fault location falls within
the line section that you assumed to be faulted. If it
does, you have obtained the true fault location. If it
does not, return to step 1 of this procedure and
assume a different faulted section, progressing along
all line sections.

Consider the hybrid line with two overhead line sections and
one underground cable section shown in Fig. 16.

L R
OHL UGC OHL
>
P Q
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O
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A
3
o | Zra
2
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3
o
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[
[
2
= | Zp
o
a
Distance "
Fig. 16. Hybrid line example.

Because hybrid lines are nonhomogeneous, we cannot use
the replica incremental currents derived from the measured
local and remote currents to calculate the incremental voltages
along the line segments. Instead, when calculating the
incremental voltages, we must account for the impedance
between the relay location and the point of interest. Similarly,
when calculating the replica incremental currents, we must use
the impedance of the assumed faulted section. Consider the
following example.

We assume the fault is located on the LP section of the line
shown in Fig. 16. The change in voltage at the L terminal Avp
is a measured value. We calculate the change in voltage at the
P junction from the remote voltage and current measurements
as follows:

Avpgr = Avg — -

d 23

We apply the two-terminal method from Section II by using
the Avp voltage the Avpr voltage (23), and the Air and Air
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currents (when calculating the incremental replica currents in
step 3, we use the Zip impedance), and calculate the fault
location mo in per unit of the LP section length. For the case
shown in Fig. 16, the calculated mo is greater than 1 pu,
indicating that the fault is not on the LP section of the line.

Knowing the fault is not on the LP section, we assume the
fault is on the PQ section of the line and calculate the change in
voltage at the P and Q junctions from the local and remote
voltage and current measurements as follows:

d

AVPL = AVL - (RLP . AIL + LLP . &AIL) (24)
d

AVQR = AVR - (RRQ : AIR + LRQ : aAIR) (25)

We apply the two-terminal method from Section II by using
the Avpr voltage (24), the Avqr voltage (25), and the Aip and Air
currents (when calculating the incremental replica currents in
step 3, we use the Zpg impedance), and calculate the fault
location my in per unit of the PQ section length. For the case
shown in Fig. 16, the calculated mo is greater than 1 pu,
indicating that the fault is not on the PQ section of the line.

Finally, we assume that the fault is located on the QR section
of the line. The change in voltage at the R terminal Avg is a
measured value. We calculate the change in voltage at the Q
junction from the local voltage and current measurements as
follows:

Avg, = Avy, — -

d 26
((RLP + RPQ) * AlL + (LLP + LPQ) * aA1L> ( )

We apply the two-terminal method from Section II by using
the Avr voltage, the Avgr voltage (26), and the Aip and Air
currents (when calculating the incremental replica currents in
step 3, we use the Zgr impedance), and calculate the fault
location my in per unit of the QR section length. For the case
shown in Fig. 16, the calculated mq is between 0 pu and 1 pu,
indicating that the fault is on the QR section of the line. Fig. 17
illustrates the voltage change profile for the true fault location.

Fig. 17. Voltage change profile for the hybrid line example.



VIIIL

We can use our method with local and remote records that
are not time-aligned. The fault acts as a synchronizing event
because the incremental signals rise from zero in the pre-fault
state to non-zero values at the fault inception.

We recommend using disturbance-detection logic to obtain
a coarse alignment of the local and remote records.
Subsequently, we repeat the LES calculations multiple times,
shifting the remote data set by as much as +1 or +2 ms in steps
of one sample to obtain the minimum possible LES value (8).

Fig. 18 illustrates this process for the case from
Subsection III.A. The original records are time-aligned but we
shift the remote record on purpose to model the lack of
alignment. We calculate the fault location and the normalized
square root of the LES value — similar to Fig. 6 — for each time
shift (see Fig. 18). Notice that when the time shift is restricted
to be only in increments of the sampling period (0.1 ms in this
case), the minimum LES value occurs when the time shift is
0 ms. However, we can use interpolation when searching for
the minimum LES value to improve the data alignment and
reach a time resolution better than one sampling period. To
perform interpolation, we fit a parabola or a tent shape to the
LES value as a function of the time shift (the blue trace shown
in Fig. 18) and find the minimum of the fitted shape. The
minimum LES value is determined from the intersection point
of the two best fit straight lines that use data points on the left
and right of the minimum, respectively (dashed blue traces
shown in Fig. 18). Finally, we use that interpolated time shift in
fractional samples to interpolate the fault location (the red trace
shown in Fig. 18). Reference [2] provides more details on using
interpolation for improving spatial resolution and accuracy.

USING RECORDS THAT ARE NOT TIME-ALIGNED

Fig. 18. Sample relationship between the time shift, LES value, and
fault location.

The LES value is at its minimum for a time shift 0of0.035 ms.
The original record comes from a scheme with the worst-case
time alignment accuracy of 200 ns [5] and typical accuracy of
50 ns. The 200ns worst-case timing error is negligible
compared with the 0.035 ms time shift. Therefore, we can
assume that the original alignment is perfect and claim that our
method can align records with an accuracy of about 35 pus when
working with samples captured at a rate of 10 ksps.
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Our alignment method is robust because manipulating the m
value for a time-shifted record cannot accurately match the
change in voltage at the fault location calculated from the local
and remote terminals. Instead, the best fit can only be obtained
by correctly time-shifting the records before manipulating the
m value. As a result, we can be confident that the time shift that
minimizes the LES value is the shift that correctly aligns the
local and remote records.

The presented alignment method allows us to locate faults
by using records that are not time-aligned. In the example of
Fig. 18, the fault location that corresponds to the minimum LES
value at 0.035 ms is 42.759 mi (we interpolate the m value).
Fault locating performed on the aligned data yielded 42.603 mi,
and the utility-confirmed location was 41.91 mi (see
Subsection III.A). To summarize, using records that were not
time-aligned introduced an error of only 0.156 mi (823 ft or
251 m).

The fault-locating method that seeks to minimize the LES
value by considering both the fault location and the time-shift
as variables allows us to detect and compensate for poor
alignment in installations that are expected to provide time-
aligned fault records.

In general, we can always execute our fault-locating method
by assuming both the fault location and the time-shift as
variables. This approach may be beneficial for very long lines
with long TW propagation times. For faults on long lines, the
TWs that are the first indicators of the disturbance may arrive
at the opposite line terminals at times as different as 1 ms,
creating an impression of data misalignment. Treating the time-
shift as a variable in these cases allows us to bridge the gap
between the actual line with finite and significant TW
propagation times and the lumped-parameter line model that we
used to derive the fault-locating method.

IX. ACCURACY TESTED ON FIELD CASES

We have tested the new method by using 118 fault records
that the UHS line protective relays [5] and [6] captured in the
field for internal faults on two-terminal overhead lines. To
allow for fast tripping, these relays derive and low-pass filter
the incremental voltages and incremental replica currents. The
relays include these signals in their IEEE COMTRADE
records. We have used these 10 ksps records to test our fault-
locating method offline. Because the input signals already
reflect all practical error sources (instrument transformers,
relay inputs, data alignment, fault resistance, line impedance,
line transposition, line charging current, and so on), these test
results are highly relevant and informative. To calculate the
fault-locating error, we used the utility-confirmed (“true”) fault
location. If we did not have a confirmed fault location from the
utility, we used the TW-based fault-locating results after
carefully reviewing and fine-tuning them.

Table I shows a sample set of 25 cases. Our fault-locating
method is very dependable and accurate (1.1 percent average
error). The outliers, such as the case of 6.9 percent maximum
error, are caused by CCVT transients (including cases where
bushing potential devices were used) or CT saturation.



TABLE I
FIELD CASES AND TEST RESULTS
Case | Voltage | Length | Fault Location (km) | Error
(kV) (km) | Type | True | Cale. | (%)
1 115 92.7 AG 53.7 53.5 0.2
2 115 93.0 BG 61.0 60.7 0.2
3 115 138.5 ABG 108.0 107.4 0.4
4 132 59.0 AB 32.6 333 1.1
5 138 38.2 CG 17.2 17.3 0.3
6 138 74.2 CG 23.8 239 0.2
7 144 99.8 AB 63.5 60.7 2.8
8 154 39.7 ABC | 19.7 19.2 1.3
9 161 117.1 CAG | 445 43.6 0.8
10 220 27.5 AB 21.0 20.8 0.8
11 220 62.0 BG 33.9 34.1 0.4
12 220 73.8 AG 31.8 32.0 0.3
13 220 113.6 CG 923 94.0 1.4
14 230 28.4 CG 33 33 0.0
15 230 28.5 CG 17.5 17.5 0.1
16 230 40.6 AG 384 38.8 1.0
17 230 50.5 CG 434 429 1.0
18 230 153.2 CG 61.5 60.4 0.7
19 275 352.6 CG 244.0 | 239.5 1.3
20 345 55.2 AG 17.0 15.9 2.0
21 345 64.2 CG 37.8 37.7 0.2
22 345 75.8 AG 73.5 73.1 0.5
23 345 113.3 CG 50.5 50.4 0.1
24 345 113.3 AG 105.7 105.7 0.1
25 345 190.9 BG 97.9 98.3 0.2
Average error (all 118 cases) 1.1
Maximum error (all 118 cases) 6.9

X.  CONCLUSIONS

This paper presents a new multi-ended fault-locating method
that works in the time domain. Our primary motivation was to
develop a method that works in conjunction with the UHS
relays, because these relays may limit the total fault duration to
1.5 cycles and prevent the full-cycle phasor estimators from
obtaining stable measurements.

The new method has several other benefits. It works well for
incipient, intermittent, high-resistance, arcing and evolving
faults (including simultaneous internal and external faults), and
faults during single-pole-open conditions. The method does not
need faulted-loop selection logic, and it does not use the zero-
sequence line impedance, avoiding errors associated with that
impedance and errors related to the zero-sequence voltage and
current components in general. The method can be applied to
multiterminal, cable, and hybrid lines and can use remote fault
records that are not aligned with local records.

We have tested the new method on a large set of field records
and proved exceptional dependability and very good accuracy.
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The paper includes many application considerations and
techniques to improve accuracy of fault locating and line
impedance data.
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