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A Novel Fault-Location Method for HVDC
Transmission Lines Based on Similarity
Measure of Voltage Signals

Mohammad Farshad, Student Member, IEEE, and Javad Sadeh

Abstract—In this paper, a method for fault locating in HVDC
transmission lines is proposed which only uses the voltage signal
measured at one of the line terminals. The postfault voltage signal,
in a relatively short-time window, is considered and the corre-
sponding fault location is estimated based on the similarity of the
captured voltage signal to existing patterns. In this approach, the
Pearson correlation coefficient is used to measure the similarity.
Despite simplicity and low complexity of the proposed fault-loca-
tion method, it does not suffer from the technical problems which
are associated with the traveling-wave-based methods, such as
the difficulty of identifying traveling wavefronts or the strong
dependency of accuracy on the sampling frequency. Numerous
training and test patterns are obtained by simulating various fault
types in a long overhead HVDC transmission line under different
fault location, fault resistance, and prefault current values. The
accuracy of the proposed fault-location method is verified using
these patterns.

Index Terms—HVDC system, pattern recognition, similarity
measure, single-end fault-location method.

I. INTRODUCTION

VDC systems provide an opportunity to transfer large

amounts of power over long distances more economi-
cally and with lower losses compared to HVAC transmission
systems. Accurately locating permanent and nonpermanent
faults in long HVDC transmission lines is very important in
corrective and preventive maintenance operations speedup and
maintaining continuity of power transmission. Most of the
methods, which have been proposed so far for fault locating
in HVDC transmission lines, are based on the traveling-wave
theory [1]-[7]. The traveling-wave-based methods are very
accurate and valuable studies have been performed to improve
their performance considering different system configurations,
such as the combination of overhead lines and cables [1], and
the star-connected multiterminal topologies [2]. However, as
mentioned in [8], the traveling-wave-based methods suffer
from inherent problems, some of which include the necessity
of having experience and skill for wavefront identification,
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and the high dependency of accuracy on the sampling rate. In
this regard, a nontraveling-wave time-domain fault-location
principle has been proposed in [8]. In the method of [§], the
voltage profile along the line was calculated using two-terminal
voltage and current measurements and the corresponding fault
location was identified from the obtained voltage distribution.

As an alternative to the existing methods, a fault-location
method based on the machine-learning and the pattern-recog-
nition techniques can demonstrate appropriate performance
and flexibility in different conditions when encountering in-
herent characteristics and specifications of HVDC systems.
When using strategies based on the machine-learning and the
pattern-recognition techniques, the key point is to determine
appropriate input features and choose an algorithm and struc-
ture in accordance with the specific problem to be solved.

Single-ended or double-ended measurements can be used for
fault locating in HVDC transmission lines. Usually, the methods
based on double-ended measurements [1]—[4], [8] are more ac-
curate. However, more reliability in access to required mea-
sured data, no need for transmitting and synchronizing mea-
surements of both ends, less complexity, and lower cost are
some of the advantages of the methods which are based on
single-ended measurements [4]-[7]. Voltage and current sig-
nals are the commonly available records in the line terminals.
Founding the fault-location method based on just one of these
signals can be effective in terms of preventing the combination
of measurement errors and increasing the reliability in access to
required data.

In this paper, a learning-based method for fault locating in
HVDC transmission lines is proposed. In the proposed method,
samples from a time window of the postfault voltage signal mea-
sured at one of the line terminals are considered as the input
features. The fault location is estimated by measuring the sim-
ilarity between the input pattern and existing patterns based on
the Pearson correlation coefficient.

The rest of this paper is organized as follows. In Section II,
the main idea and concept of the proposed fault-location ap-
proach are explained. In Section III, numerous training and test
patterns are generated through simulating different fault types
in a sample bipolar HVDC system with different values for the
fault location, fault resistance, and the prefault current. Then,
the proposed method is applied to the training and test patterns,
and the fault-location results are presented. Finally, concluding
remarks are given in Section IV.
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Fig. 1. Single-line diagram of the sample system under study, adopted from the CIGRE benchmark [10].

II. MAIN IDEA AND CONCEPT .
132 m
A. Voltage Signals and Shape Similarity 61,{v _______ g%
Fig. 1 illustrates the single-line diagram of an HVDC system Bundle 15.4(m)
with the nominal voltage of 500 kV and the rated transmis- @
sion power of 2000 MW. The parameters of this bipolar system, 21 conductors: chukar
which are simulated through PSCAD/EMTDC software, [9] are | Cround_Wires: 1/2"HighStrengthsteel
adopted from the CIGRE monopolar system [10], except for the ;oM
transmission line. It is worth noticing that the 1000-km-long Grouond Resistivity: 100.0 johmm]
overhead transmission line of the system is simulated using the Re'ativegiﬁ%”ﬁiﬁfﬁ"ﬁifﬂiﬂgi ;1\',?3|yﬁca| Approximation
frequency-dependent model and based on the configuration of @

Fig. 2(a)[11]. Also, the equivalent circuit of Fig. 2(b) is used
to model the various fault types. In this figure, each I?; indi-
cates two-state switching resistance which can be “on” or “oft”
to model different fault types. Each I; has a very large resis-
tance and is nearly open circuit in the “off” state; and in the “on” £
state, it has a resistance equal to the specified fault resistance
value. It worth noting that the sampling frequency of signals in iﬁ, R'i
the system under study is adopted to be 80 kHz. 1
Fig. 3 shows the dc voltage and current signals measured at ®)

the rectifier station for a positive-pole-to-ground (PG) fault oc-
curring in about 0.45 s and at 100 km from the measuring point.
It should be noted that there are two main factors, including
the oscillations due to capacitor energy storage [12] and the

Positive Pole

Transmission Line

Negative Pole

Fig. 2. (a) The configuration of transmission line. (b) The equivalent circuit in
modeling different fault types.

fault-generated transients due to reflections of traveling waves Case 2) fault resistance of 30 2 and prefault current of 1200
[13], that can affect the shape of the postfault voltage signal A in the HVDC line.
while having a sensible correlation with the fault distance. Case 3) fault resistance of 10 €2 and prefault current of 600
Fig. 4 shows the positive-pole voltage signals after PG faults A in the HVDC line.
at the distance of 100, 250, and 400 km from the rectifier station Case 4) fault resistance of 50 2 and prefault current of 1800
(measuring point) in the following cases: A in the HVDC line.
Case 1) fault resistance of 0.01 §2 and prefault current of The postfault signals illustrated in Fig. 4 are captured from

1200 A in the HVDC line. the moment of voltage drop to less than 400 kV. As can be seen
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Fig. 4. Positive-pole voltage signals after PG faults at the distance of: (a) 100,
(b) 250, and (c) 400 km.

from this figure, the postfault voltage signals of different fault
distances have dissimilar shapes. Also, with little attention, it
can be observed that despite the different conditions of Case
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1 to Case 4, the shapes of voltage signals are almost similar
for each specific fault location. In summary, it can be compre-
hended that despite the variations in fault resistance and pre-
fault current, the overall shape of the voltage signal is almost
the same for a specific fault location; but it changes with fault
location. This characteristic can be used for fault locating. To
this end, a criterion should be defined for measuring the shape
similarity of signals. The Pearson correlation coefficient is one
of the efficient similarity measures which can be defined as fol-

lows for the two signal samples + = {z1,z2,...,25} and
Yy = {yla Y2,..., yn}[14]
O (wi— o)y — 5 2 i)
T('I:7 ?j) - T = n ]:1 " 7:1 n (1)
So(mi— 2 Y w2 [ (i — £ 2 ui)?
i=1 i=1 i=1 =1

where r(x, y) is the Pearson correlation coefficient of the two
signals z and y, and (2, ) € [—1, +1]. The value +1 for r in-
dicates perfect positive linear correlation; the value 0 indicates
no linear correlation at all, and the value —1 indicates perfect
negative linear correlation. In fact, a larger value of » for two
signals indicates more correlation and similarity between them.
Table I presents the » values for the signal pairs illustrated in
Fig. 4. The results presented in this table confirm the intuitive
results obtained from the visual inspection of the voltage wave-
forms.

B. Proposed Fault-Location Algorithm

The voltage signals required for fault locating are measured at
one terminal station of HVDC systems, in front of the smoothing
reactor at the dc line side. There are published works focusing on
conventional [15] and valuable new methods [16], [17] for fault
detection and classification in HVDC systems which can be uti-
lized before executing the proposed fault-location algorithm. In
the proposed method, after fault detection and classification,
which are not in the scope of this paper, the voltage signal of
the faulted pole, which has been recorded in the buffer memory,
is used to extract the required samples. It is worth noting that
in the case of the faults that involve both of the line poles, one
of the faulted poles, for example the positive pole, is selected
and its voltage signal is used for fault locating. In the proposed
fault-location approach, required voltage samples are gathered
from the moment that the absolute value of voltage drops below
the threshold value Vi until 10 ms later. In fact, these samples
are the pattern’s features. After extracting the required signal
samples and generating the new pattern, the similarity of this
pattern to each of existing patterns in the database is measured,
and the corresponding fault location is estimated by weighted
average of the target values corresponding to the £ most sim-
ilar patterns. It is clear that the proposed fault-location method
is founded on the k-nearest neighbor (k-NN) principle. There-
fore, the similarity measure should be converted to a positive
valued distance metric. The following equation is used for this
purpose [18]:

(IZ,;(.T, Z/) =1- 'I“(ZL', Z/) 2
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TABLE 1
CORRELATION COEFFICIENTS FOR THE SIGNAL PAIRS OF FIG. 4
Case 1 Case 2
Fault

. 100 km 250 km 400 km 100 km 250 km 400 km

location
100 km 0.9816 0.3418 0.2820 0.9705 0.3967 0.2667
Case 3 250 km 0.2661 0.9904 0.5751 0.4460 0.9775 0.5566
400 km 0.2232 0.5346 0.9901 0.3315 0.6736 0.9817
100 km 0.8340 0.5008 0.4146 0.9559 0.5956 0.4438
Case 4 250 km 0.2773 0.8493 0.6991 0.4884 0.9545 0.7477
400 km 0.1627 0.4727 0.8854 0.3334 0.6532 0.9530

where d,(z,y) is the Pearson distance of the signals = and y,
and d.(z,y) € [0, 2]. Greater values of the similarity measure
r, thatis, closer to +1, lead to smaller values of the distance d,.
The fault location corresponding to the new pattern is estimated
based on the following equation [19]:

S Fyr).e ey
—~ n_ @ES(@’)
Fule) = —<—aeo»
x€S(x")

)

where F1,(z) is the corresponding fault location of the existing

—

pattern 2, F'r (') is the estimated fault location corresponding

to the new pattern =/, S(z’) is the set of k patterns most similar

to the new pattern =/, and d,.(x, 2’) is the Pearson distance of

the existing pattern  and the new pattern x”.

It is worth noting that in the proposed method, a separate
database of training patterns should be provided for each fault
type and they shall be used based on the type of occurring fault.

In summary, the proposed fault-location algorithm consists of
the following steps:

Step 1) Receiving the fault-type information as well as the
buffered voltage signal of the faulted pole.

2) Determining the moment in which the absolute value
of voltage sample drops below the threshold value
Vina and gathering the voltage samples from this
moment until 10 ms later.

3) Generating the new pattern using the extracted
voltage samples as the features.

4) Determining the £ most similar patterns to the new
pattern, by similarity measuring and searching
through the database corresponding to the occurred
fault type.

5) Estimating the fault location corresponding to the
new pattern based on the weighted average of cor-
responding fault locations of the & most similar pat-
terns [using (3)].

Step

Step

Step

Step

IIT. NUMERICAL STUDIES

Here, the location of the positive-pole-to-ground (PG), posi-
tive-pole-to-negative-pole (PN), and positive-pole-to-negative-
pole-to-ground (PNG) faults in the system of Fig. 1 are con-
sidered. The PSCAD/EMTDC software [9] is utilized for the
system simulation, and the MATLAB environment [20] is used
for implementation of the proposed fault-location algorithm.

A. Generating the Training and Test Patterns

In this phase, training and test patterns are generated through
simulating various fault types in the sample system, and by
changing the fault location, fault resistance, and prefault current.
In fact, these patterns are generated based on combinations of
various conditions of the PG, PN, and PNG faults; theses con-
ditions for training cases are as follows.
* Fault distance from the measuring end varies from 10 to
990 km with the step of 2 km.

¢ Fault resistance takes the values of 0.01, 10, 30, 50, and
100 £2.

e Prefault current of the HVDC line takes the values of 600,
1200, and 1800 A.

Also, the following conditions are considered in generation
of test patterns:

* Faults occur at 25 different locations randomly.

< Fault resistance takes the values of 2, 15, 20, 40, 60, and

80 €.
e Prefault current of the HVDC line takes the values of 800,
1000, 1400, and 1600 A.

All of the test and training patterns are generated using the
method provided in Steps 1)-3) of the proposed algorithm (see
Section II-B). Since all fault types considered in this study in-
volve the positive pole, only the positive-pole voltage measured
at the rectifier station is used in generating the training and test
patterns. Also, the threshold value V;pq, which is used in de-
termining the beginning moment of the 10-ms data window, is
set to 400 kV (80% of the nominal dc voltage). Considering
the sampling frequency of 80 kHz and the 10-ms data window,
it can be comprehended that each generated pattern consists of
800 features.

B. Fault-Location Results

Prior to testing the fault locator, the value of & is determined
through applying the 10-fold cross-validation process on the
training patterns. After applying this process on the training pat-
terns, the obtained % value for all three fault types was 4. After
adjusting the k value for each fault type, Steps 4) and 5) of the
proposed algorithm (see Section 11-B) are performed on the test
patterns, and the fault-location results are provided.

The percentage error in the fault-location estimate e is com-
puted by using the following equation and considered as the per-
formance index:

|Lest
e =

- Laz‘
eest = Lact| x 100

I @
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TABLE II
FAULT-LOCATION RESULTS FOR THE DIFFERENT FAULT TYPES AND FAULT DISTANCES

Percentage fault-location errors- PG faults Percentage fault-location errors- PN faults Percentage fault-location errors- PNG faults

e o e e o [ e e [P e e
(km) error (%) | error (%) %) 1% error (%) | error (%) %) ~1% error (%) | error (%) %) 1%
11.05 0.0048 0.0949 | 0.0439 0% 0.0046 | 0.0552 | 0.0319 0% 0.0046 | 0.0950 | 0.0488 0%
55.10 0.0099 0.2600 | 0.0704 0% 0.0100 | 0.0900 | 0.0313 0% 0.0099 | 0.1100 | 0.0396 0%
99.15 0.0149 0.1850 | 0.0558 0% 0.0150 | 0.0850 | 0.0421 0% 0.0150 | 0.1150 | 0.0483 0%
117.20 0.0200 0.2799 | 0.0758 0% 0.0200 | 0.0800 | 0.0442 0% 0.0200 | 0.0800 | 0.0383 0%
147.05 0.0049 0.4050 | 0.1467 0% 0.0049 | 0.1950 | 0.0487 0% 0.0049 | 0.1550 | 0.0383 0%
192.95 0.0050 0.4450 | 0.0963 0% 0.0049 | 0.4050 | 0.0546 0% 0.0049 | 0.0950 | 0.0308 0%
231.00 0.0000 1.4000 | 0.2333 | 4.1667% | 0.0000 | 0.2000 | 0.0375 0% 0.0000 | 0.2000 | 0.0562 0%
268.90 0.0100 1.5900 | 0.3225 | 4.1667% | 0.0100 | 0.1100 | 0.0313 0% 0.0100 | 0.1100 | 0.0312 0%
281.05 0.0050 1.6050 | 0.3350 | 8.3333% | 0.0050 | 0.1450 | 0.0367 0% 0.0050 | 0.0950 | 0.0225 0%
303.10 0.0100 0.7600 | 0.2542 0% 0.0100 | 0.1900 | 0.0392 0% 0.0100 | 0.0600 | 0.0221 0%
347.30 0.0300 1.1700 | 0.3833 4.1667% 0.0200 0.1699 | 0.0442 0% 0.0200 0.0700 0.0308 0%
381.05 0.0050 0.8050 | 0.2796 0% 0.0050 | 0.1949 | 0.0337 0% 0.0050 | 0.0950 | 0.0137 0%
409.00 0.0000 1.3500 | 0.3542 | 8.3333% | 0.0000 | 0.1000 | 0.0354 0% 0.0000 | 0.1000 | 0.0208 0%
461.50 0.0500 0.8000 | 0.3583 0% 0.0000 | 0.1500 | 0.0750 0% 0.0000 | 0.2000 | 0.0521 0%
490.40 0.0100 1.3900 | 0.3121 | 4.1667% | 0.0100 | 0.2599 | 0.0879 0% 0.0100 | 0.2600 | 0.0575 0%
591.35 0.0650 1.1150 | 0.5267 | 4.1667% | 0.0150 | 0.2350 | 0.0867 0% 0.0150 | 0.2350 | 0.0917 0%
631.00 0.0000 0.9500 | 0.4812 0% 0.0000 | 0.2000 | 0.0646 0% 0.0000 | 0.3999 | 0.0708 0%
667.15 0.0150 1.2150 | 0.4604 | 4.1667% | 0.0149 | 0.2150 | 0.0779 0% 0.0149 | 0.2150 | 0.0767 0%
692.95 0.1950 0.8450 | 0.5525 0% 0.0050 | 0.2049 | 0.0550 0% 0.0050 | 0.2049 | 0.0708 0%
729.30 0.1200 0.8700 | 0.4283 0% 0.0300 | 1.0300 | 0.2871 | 4.1667% | 0.0300 | 0.5700 | 0.2600 0%
771.70 0.0200 0.8800 | 0.2975 0% 0.0300 | 0.7701 | 0.2121 0% 0.0300 | 0.6700 | 0.2392 0%
799.00 0.0000 1.0500 | 0.3083 | 4.1667% | 0.0000 | 0.5500 | 0.1438 0% 0.0000 | 0.5500 | 0.1708 0%
801.25 0.0250 1.1750 | 0.3375 | 4.1667% | 0.0250 | 0.4250 | 0.1979 0% 0.0250 | 0.4250 | 0.1604 0%
951.00 0.0000 1.1000 | 0.4167 | 4.1667% | 0.0000 | 0.2000 | 0.1021 0% 0.0000 | 0.2000 | 0.0896 0%
987.05 0.0049 0.2550 | 0.0729 0% 0.0049 | 0.3050 | 0.0429 0% 0.0049 | 0.2050 | 0.0350 0%
All 0.0000 1.6050 | 0.2881 | 2.1667% | 0.0000 | 1.0300 | 0.0777 | 0.1667% | 0.0000 | 0.6700 | 0.0726 0%

where L. is the estimated fault distance from the measuring
end, L, is the actual fault distance from the measuring end,
and L is the total length of the transmission line.

Based on the conditions mentioned in Section III-A, re-
garding each fault type, there are a total number of 24 test
patterns for each fault distance. Table II provides the estimation
results for different fault distances from the rectifier station,
including the minimum, maximum, and average of percentage
errors and the fraction of percentage errors bigger than 1%. As
can be seen from this table, the overall average errors for the
PG, PN, and PNG faults are 0.2881%, 0.0777%, and 0.0726%,
respectively. Also, it can be observed that the estimation errors
of the proposed fault-location method are in a fairly acceptable
range, and the overall fractions of fault-location errors bigger
than 1% are as low as 2.1667%, 0.1667%, and 0% for the PG,
PN, and PNG faults, respectively. The average errors for the
PN and PNG faults are far less than those for the PG faults; it
means that in the PN and PNG fault cases, the correlation of
voltage signals in each fault location, despite the changes in
the fault conditions, is more than that of the PG fault cases. It
is worth noting that in the PN and PNG fault cases, the fault
voltage level is twice that in the PG fault cases. If the training
set is extended by considering more fault locations, fault resis-
tances, and prefault currents with relatively small step changes,
it is expected to achieve more accurate test results, especially
for the PG faults; however, this will increase the time required
for the simulations and preparation of the training set.

Based on the conditions mentioned in Section III-A, re-
garding each fault type, there are a total number of 100 and

150 test patterns for each fault resistance and prefault current,
respectively. The fault-location results for the different fault
resistance and prefault current values are presented in Tables II1
and IV, respectively. As can be seen from these tables, the
accuracy of the fault-location method remains in an acceptable
range for the different values of fault resistance and prefault
current. However, in Table I1I, an increase in the fault resistance
has led to a decrease in the prediction accuracy, especially for
the PG faults.

C. Other Similarity/Distance Measures

There are other similarity/distance measures which can
be considered as alternatives to the Pearson’s measure. The
cosine similarity is another similarity measure that can be used
instead of the Pearson correlation coefficient in the proposed
fault-location algorithm. This measure, which represents the
similarity of two vectors’ directions, can be defined as fol-

lows for the two sample vectors & = {wq,29,...,4,} and
y = {y1.y2, ... ya 14
Z Lq-Yi
el y) = = (5)

; (2:)? ; ()2

where (2, y) is the cosine similarity or the cosine of angle be-
tween the two vectors z and y and, thus, ¢(z,y) € [—1, +1].
The greater values of ¢ indicate higher similarity of two signals.
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TABLE III
RESULTS FOR THE DIFFERENT FAULT TYPES AND FAULT RESISTANCES
Percenta&e fault-location errors- PG faults Percentage fault-location errors- PN faults Percentage fault-location errors- PNG faults
fault Min. Max. Average | Fraction of | Min. Max. | Average | Fraction of Min. Max. Average | Fraction of
resistance D)) error errors error error error errors error (%) | error (%) error errors
(Ohm) (%) >1% (%) (%) (%) >1% (%) >1%
2 0.0000 | 0.8850 | 0.2238 0% 0.0000 | 0.4700 | 0.0653 0% 0.0000 | 0.3300 | 0.0677 0%
15 0.0000 1.3900 | 0.2668 1% 0.0000 | 0.6700 | 0.0788 0% 0.0000 | 0.6700 | 0.0781 0%
20 0.0000 1.1150 | 0.2957 1% 0.0000 | 0.4300 | 0.0639 0% 0.0000 | 0.5700 | 0.0658 0%
40 0.0000 1.2150 | 0.3112 2% 0.0000 | 0.4300 | 0.0696 0% 0.0000 | 0.4800 | 0.0631 0%
60 0.0000 1.1700 | 0.3003 1% 0.0000 | 0.7701 | 0.0885 0% 0.0000 | 0.4700 | 0.0651 0%
80 0.0000 1.6050 | 0.3310 8% 0.0000 | 1.0300 | 0.1004 1% 0.0000 | 0.5700 | 0.0961 0%
TABLE IV
RESULTS FOR THE DIFFERENT FAULT TYPES AND PREFAULT CUIRRENTS
Percentage fault-location errors- PG faults | Percentage fault-location errors- PN faults | Percentage fault-location errors- PNG faults
T s e e e e e e e e
0, 0, 0, 0, 0, 0,
(A) error (%) | error (%) %) ~1% error (%) | error (%) (%) ~1% error (%) | error (%) (%) ~1%
800 0.0000 1.2150 | 0.3469 | 3.3333% | 0.0000 | 0.4300 | 0.0668 0% 0.0000 | 0.4700 [ 0.0644 0%
1000 0.0000 1.6050 | 0.2895 | 4.0000% | 0.0000 | 1.0300 | 0.0645 | 0.6667% | 0.0000 | 0.5700 | 0.0662 0%
1400 0.0000 0.8800 | 0.2394 0% 0.0000 | 0.7701 | 0.0972 0% 0.0000 | 0.5500 | 0.0795 0%
1600 0.0000 1.3500 | 0.2767 | 1.3333% | 0.0000 | 0.6700 | 0.0824 0% 0.0000 | 0.6700 | 0.0805 0%

In order to convert the similarity measure ¢ to a positive valued
distance metric, a procedure similar to (2) can be applied

de(m,y) =1 - c(z,y) (6)

where d.(z,y) is the cosine distance of the two signals = and ¥,
and d.(x,y) € [0,2].

Now, in the proposed fault-location algorithm, the cosine
similarity and the cosine distance are used instead of the
Pearson correlation coefficient and the Pearson distance, re-
spectively. In this case, the obtained average fault-location
errors for the PG, PN, and PNG faults are 0.8682%, 0.1041%,
and 0.0830%, respectively. It can be observed that compared
to the case of using the Pearson correlation coefficient, the
accuracy of fault-location estimation has decreased, especially
for the PG faults.

Another commonly used distance measure is the Eu-
clidean metric. The Euclidean distance of the two signals
v = {r1,T2,...,vu} and y = {y1, Y2, .., Yn}, de(w,y) is
calculated as follows:

de(z,y) = Z (m; — )2 (N
=1

Considering the interpretation that smaller distance values
correspond to higher similarity of vectors, the Euclidean dis-
tance is used in the fault-location algorithm. It is worth noting
that in order to have smaller numerical values for Euclidean dis-
tances, per-unit values of voltage samples are considered (with
the reference base voltage of 500 kV). In this case, the obtained
average fault-location errors for the PG, PN, and PNG faults
are 1.0452%, 0.1053%, and 0.0842%, respectively. It can be ob-
served that compared to the case of using the Pearson correlation
coefficient as well as the case of using the cosine similarity, the
accuracy of fault-location estimation has decreased, especially
for the PG faults.

D. Current Instead of Voltage

In this section, instead of the voltage signal, the current signal
is used in the fault-location algorithm and, thus, the training
and test patterns are regenerated. However, the voltage signal is
used for determining the beginning moment of the 10-ms data
window of the postfault current signal as well. In this case, the
average fault-location error for the PG, PN, and PNG faults is
1.4747%, 0.5270%, and 0.4334%, respectively. It can be ob-
served that in the case of using the current signal instead of the
voltage signal, the accuracy of fault locating has decreased.

As can be observed in Fig. 3, immediately after the fault
occurrence in the transmission line, the current signal faces a
momentary overshoot, and then as a result of the control re-
sponse, goes to the minimum value with some oscillations due
to the oscillations of the voltage signal [12]. The momentary
overshoot and the control response make the postfault current
signal shapes relatively similar in various fault locations; how-
ever, there is still a little discriminant dissimilarity, but it is not
enough for accurate fault locating.

E. Effect of Sampling Frequency

Here, the effect of lower sampling frequencies is studied
through downsampling the existing voltage signals. Note that
using lower sampling frequencies in a fixed length of the time
window will reduce the number of features in the patterns.
The fault-location algorithm is applied on the voltage signals
with various sampling frequencies, and the average percentage
errors for the different sampling frequencies are presented
in Table V. As can be seen from this table, the dependency
of the method’s accuracy on the sampling frequency is not
considerable. In fact, the sampling frequency can be set to a
value as low as 5 kHz with a little loss of accuracy.

E. Effect of Noisy Measurements

Here, the noise impact on the proposed algorithm is investi-
gated. In this regard, the voltage samples used in the test pat-
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TABLE V
PERCENTAGE ERRORS FOR THE DIFFERENT FAULT TYPES
AND SAMPLING FREQUENCIES

Fault Sampling Frequency (kHz)

Type 80 40 20 10 3 2o

PG 0.2881 | 0.2939 | 0.2967 | 0.3020 | 0.3151 | 0.3909

PN 0.0777 | 0.0909 | 0.1147 | 0.1322 | 0.1690 | 0.2364

PNG | 0.0726 | 0.0827 | 0.0985 | 0.1164 | 0.1510 | 0.2014
TABLE VI

PERCENTAGE ERRORS FOR THE DIFFERENT FAULT
TYPES AND ADDITIVE NOISE LEVELS

Fault SNR (dB)

Type = 30 25 20 15 10
PG 0.2881 0.2917 | 0.2974 | 0.3215 | 0.3932 | 0.5477
PN | 0.0777 | 0.0782 | 0.0791 | 0.0843 | 0.0928 | 0.1074

PNG | 0.0726 | 0.0738 | 0.0751 | 0.0769 | 0.0829 | 0.1019

terns are corrupted by white Gaussian noise in different levels,
while the training patterns remain as before. Then, the fault-lo-
cation algorithm is applied on the noisy test patterns. The av-
erage percentage errors in fault-location estimation for test pat-
terns with different signal-to-noise ratios (SNRs) are presented
in Table VI. As can be observed from this table, the proposed
method is relatively robust to the additive noise. However, con-
sidering a high level of additive noise, such as the one with the
SNR of 10 dB, the accuracy may degrade to some extent com-
pared to the noiseless case (infinite SNR).

G. Effect of Length of the Time Window

The length of the time window for extracting the voltage sam-
ples in the fault-location algorithm has been set to 10 ms. Note
that by considering wider time windows in a specific sampling
frequency, the dimension of feature vectors will increase. In this
section, the proposed method is applied to the generated pat-
terns considering various time window lengths, and the average
errors for the different data windows are illustrated in Fig. 5. As
can be seen from this figure, the average estimation error for the
PG faults has increased with increasing the time window length,
and the lowest average error belongs to the 5-ms time window.
On the other hand, for the PN and PNG faults, the average esti-
mation errors have their highest value in the 5-ms time window,
but in the wider time windows, the average errors are almost
constant in a relatively lower value. According to the results of
Fig. 5, the adoption of the 10-ms data window seems reasonable.
However, it is also possible to consider different time window
lengths for different fault types.

It is worth noticing that the variations of estimation error
versus the length of the time window can be different depending
on the considered conditions for patterns generation or the used
similarity measure. For instance, the average errors for the dif-
ferent data windows in the case of using the cosine similarity
measure are illustrated in Fig. 6. As can be seen from this figure,
the 20-ms data window is suitable for all fault types; however,
even with this length of time window, the prediction accuracy
is lower compared to the case of using the Pearson correlation
coefficient.
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Fig. 5. Average percentage errors for the different fault types and time window
lengths (using Pearson’s measure).
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Fig. 6. Average percentage errors for the different fault types and time window
lengths (using the cosine similarity measure).

H. Comparison With Other Works

Unlike the proposed method, the traveling-wave-based
fault-location methods generally require a high sampling fre-
quency of several megahertz to obtain the desired accuracy,
and as shown in [3] and [7], the accuracy of them may degrade
significantly with decreasing the sampling frequency to about
100 kHz. In [5], using a traveling-wave-based method and by
adoption of the sampling frequency of 80 kHz, the location
estimation of only five faults with zero fault resistance was
associated with the average percentage error of 0.75%.

The proposed approach utilizes only the single-ended voltage
measurements. Most of the accurate traveling-wave-based fault-
location methods are founded on the double-ended measure-
ments. The nontraveling-wave fault-location principle of [8]
is based on the synchronized double-ended voltage and cur-
rent measurements as well. Fault locating with the approach
of [8], considering different fault resistances and five fault lo-
cations along a £500 kV, 1000-km-long bipolar HVDC trans-
mission line, was associated with the average estimation errors
0f 0.2131%, 0.3043%, and 0.3507% for the PG, PN, and PNG
faults, respectively. It can be comprehended that the approach
of [8] led to higher percentage errors in location estimation of
the PN and PNG faults compared to those obtained by the pro-
posed method, 0.0777% for the PN faults and 0.0726% for the
PNG faults. However, in the case of PG faults, the average per-
centage error obtained by the approach of [8] is slightly lower
compared to that obtained by the proposed method, 0.2881%.
Of course, this can be acceptable with attention to less required
measurement data and no need for transmitting and synchro-
nizing measurements of both ends in the proposed method.
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IV. CONCLUSION

In this paper, a solution for the fault-location problem in
HVDC transmission lines, from the machine-learning and the
pattern-recognition point of views has been presented. In the
proposed fault-location method, which is based on the similarity
measure of the postfault signals using the Pearson correlation
coefficient, only the voltage samples measured at one of the
line terminals are required. Therefore, in addition to increasing
the reliability in access to the required measured data, problems
such as transmitting and synchronizing measurements of both
ends, and the combination of measurement errors which might
occur when more than one signal is used, are not relevant. The
results of numerical studies performed on a bipolar HVDC
system indicate sufficient accuracy and efficiency of the pro-
posed method. For the primarily generated test patterns, the
obtained average errors for the PG, PN, and PNG faults are
0.2881%, 0.0777% and 0.0726%, respectively. The impact
of noise and the effect of using alternative similarity/distance
measures, current signals instead of voltage signals, different
sampling frequencies, and different time window lengths have
been investigated in the sample system. The examinations show
that unlike the traveling-wave-based methods, the dependency
of the method’s accuracy on the sampling frequency is not
significant.
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