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Discrimination of different DC faults near a converter end of a DC section
consisting of a filter, a smoothing reactor, and a transmission line is not an
easy task. The faults occurring in the AC section can be easily distinguished,
but the internal and near-side external faults in the DC section are very
similar, and the relay may cause false tripping. This work proposes a method
to distinguish external and internal faults occurring in the DC section. The
inputs are the voltage signals at the start of the transmission line and the end
of the converter filter. The difference in voltage signals is calculated and
given to an intelligent controller to detect and discriminate the faults. The
intelligent controller is designed using machine learning (ML) and deep
learning (DL) techniques for fault detection. The long short-term memory
(LSTM-) based relay gives better results than other ML methods. The
proposed method can distinguish internal from external faults with 100%
accuracy. Another advantage is that a primary relay is suggested that detects
faults quickly within a fraction of milliseconds. Nevertheless, another
advantage is that a backup relay has been designed in case the primary
relay cannot operate. Results show that the LSTM-based protection scheme
provides higher sensitivity and reliability under different operation modes
than the conventional traveling wave-based relay.

Abbreviations: ANN, artificial neural network; CNN, convolution neural network; DL, deep learning;
EL, ensemble learning; HVDC, high voltage direct current; LCC, line commutated converter; LSTM,
long short-term memory network; ML, machine learning; RF, random forest; RMS, root mean square;
RNN, recurrent neural network; Vj;, voltage signal of the inverter station of pole 1; Vj», voltage signal of
the inverter station of pole 2; V,4, voltage signal of the rectifier station of pole 1; V,,, voltage signal of the
rectifier station of pole 2; Vi, voltage signal of the transmission line of pole 1 measured from the
rectifier end; Vj,, voltage signal of the transmission line of pole 2 measured from the rectifier end; V;,
input feature of pole 1 for the rectifier end; V>, input feature of pole 2 for the rectifier end; Vi input
feature of pole 1 for the inverter end; V5 input feature of pole 2 for the inverter end.
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Introduction

High voltage direct current (HVDC) transmission lines have
been implemented more commonly in the last few decades due to
their ability for long-distance power transmission, maximum
power transmission, and lossless, among others. However, the
transmission lines are always exposed to the environment, with
more chances of fault occurrence. Hence, the fast clearance of
faults is important to continue the uninterrupted operation of
HVDC systems. The problem is that when the fault occurs in the
converters (the rectifier side and the inverter side) at one or both
terminals of the HVDC transmission system, it will reflect on the
transmission line, which is not faulty. In this situation,
discriminating between the transmission line faults (internal
faults) and the converter end faults (external faults) is very
important. In this scenario, the relay of the transmission line
may maloperate because, in post-fault conditions, the difference
in the magnitude of voltages and currents is small. Moreover, if
the fault resistance is high in this condition, then the situation
and the
Distinguishing between internal and external faults with

becomes more severe, relay will maloperate.
traveling wave-based methods is difficult, generally used for
HVDC transmission line protection. Hence, it is necessary to
discriminate the transmission line faults (internal faults) from the
converter end faults (external faults) so that the respective relays
can operate appropriately.

In recent years, various techniques have been proposed for
fault detection in HVDC transmission lines. Saber (2021) used
two-end synchronized sampled currents to identify the faulty
poles. The change rate of current measurements was used to
identify the fault pole to discriminate the ground faults from the
metallic return conductor (Haleem and Rajapakse, 2020). A DC
line fault detection scheme was proposed using zone partition for
multi-terminal DC wind power integration systems (Yang et al.,
2021). A protection method based on the transient energy ratio
was proposed where the fault identification criterion is put
forward based on the impedance-frequency characteristic of
the line boundary (Dai et al, 2020). Swetapadma et al
(2021a) suggested a novel method using wavelet transform for
fault detection and location in HVDC transmission lines.
However, the drawback of this method is that it does not
faults

resistance. Swetapadma et al. (2021b) proposed a long-short

consider converter and cannot work with high
term memory network for fault detection and location, but it
did not consider the converter faults, which may create problems.

Wu et al. (2017) used the normalized voltage change rate
(NVCR), which is the ratio of the maximum voltage change rate
to the maximum voltage change in distinguishing external fault
from internal fault. Values of NVCR are almost 0.3, similar to the
internal faults of high impedance like 50Q and the external
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ground faults, which may cause difficulty in discriminating the
faults. Li et al. (2020) applied a current limit reactor for the main
and backup protection for high resistance faults to discriminate
the internal and external faults. With small ground resistance, the
peak value of the current has a significant difference in the DC
transmission line, and for the external faults, including DC bus
faults, the difference is not very satisfactory. It has failed to
mention the near distance of the transmission line and the
criteria for the selection of an inductor. The rectifier side
resistance and inductance between the fault position and the
current limiting reactor are not explained. Marvasti and Mirzaei
(2018) suggested a method to identify the fault-based DC
harmonic current components using FFT. The DC harmonic
current components are very high and extracted from the
converter transformer tertiary winding to protect the
converter from its own fault.

Mehrabi-Kooshki et al. (2020) used a finite difference
backward or forward sampled current data. The drawback of
this method is that it can give oscillations, and the near-end or
far-end faults cannot be identified correctly. Luo et al. (2016)
proposed a directional backup protection scheme based on the
Hilbert transform to discriminate between internal and external
faults. Nevertheless, the drawbacks of this method are that the
Hilbert transform with a continuous output of calculation
requires instantaneous frequency extraction of the signal.
Time delay is also provided to avoid maloperation that will
detect a fault in a long time. Extra calculation of energy also
increases the time and component size. Xiao et al. (2017)
considered an efficient setting calculation method based on
two transient electrical parameters for protection. One is a
directional element of DC change, and the other is a
boundary element for the rate of voltage change. It takes
almost 10 ms time for the directional element to act correctly
for variation in the rated power. Li et al. (2018) used
electromagnet transients for different fault detection where
data from both ends are collected with low and high
resistance. Kong et al. (2014) studied additional lightning
disturbances discriminated from short-circuit faults in a real-
time digital simulator with a directional boundary unit for
external fault, a starting unit for fault or a disturbance, and a
pole identification unit. It has not been shown how the high-
frequency component energy is attenuated in external faults
but not in the internal faults and the threshold limits under
different circumstances in boundary units with the traveling
wave. As the wavefront gets refracted and reflected from the
fault end, depending on the refractive index of the object
which hits, is not the same and the computation technique is
used on ideal conditions, which is not practical. In all cases,
the time for fault detection is nearly 5.12 ms. Leterme et al.
(2016) suggested a protection algorithm using a traveling
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Bipolar LCC-HVDC transmission system.
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FIGURE 2
Voltage signal of (A) pole 1 of the transmission line, (B) pole 2 of the transmission line, (C) pole 1 of the rectifier station, and (D) pole 2 of the

rectifier station during P1G fault at 100 km with R = 0 Q at 20 ms time.

Lee et al. (2022) proposed a frequency and voltage control
method for a hybrid HVDC system for integrating an offshore
wind farm into transmission networks. Yu and Pang (2022)
proposed a pilot protection scheme by using the random

wave and rate of change of voltage to discriminate between
faults. Zhang et al. (2019) used a discrete Fourier transform to
get the specific frequency, and a filter was designed. The post-
fault harmonic circuit of HVDC is designed for external and

internal faults with a current delay time of almost 60 ms. An
internal fault is detected 145 ms after the fault occurs to
identify the fault type reliably. Li et al. (2009) used current
differential protection but for long transmission lines due to
the distributed capacitance. The fault detection time is more
than 500 ms, which is very slow.
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matrix for DC lines in the symmetrical bipolar MMC-
HVDC grid. Gao et al. (2022) presented a
line-commutated converter based on the

novel

controllable

combination  of partially and fully controllable
semiconductor devices. Liang and Zhang (2022) suggested

new time-domain pilot protection based on two-
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FIGURE 3

Voltage signal of (A) pole 1 of the transmission line, (B) pole 2 of the transmission line, (C) pole 1 of the rectifier station, and (D) pole 2 of the
rectifier station during rectifier end DC fault or external fault at 20 ms time.

dimensional space projection of dual differential currents for
lines connecting converter stations. Li et al. (2022) designed an
MMC active power allocation strategy in which, during DC
line faults, the constant DC voltage converter is switched to
constant active power control, and the other two converters
are switched to voltage droop control. A new pilot directional
protection scheme for HVDC lines based on grounding
resistance was proposed by Ma et al. (2022).

Most of the schemes suggested for HVDC transmission lines use
the traveling wave-based method to identify the faults. However,
there are various limitations to the traveling wave method.
Furthermore, most of these methods have not focused on
internal and external faults of the HVDC system. Some of the
methods used complex mathematical equation-based algorithms.
Hence, to avoid all these shortcomings, artificial intelligence (AI) can
be one of the alternatives (Chen et al., 2021; Min et al., 2021; Almalaq
et al,, 2022; Liu et al., 2022). This work proposes a novel method to
discriminate between external and internal DC faults. The internal
faults occur from the start of transmission lines to the end of the
transmission lines. However, external faults occur at the output of the
rectifier end or after a filter or before the start of transmission lines in
the DC section. Similarly, the fault of transmission lines finishing
ends and filter of inverter ends in the DC side fault can cause false
tripping of the relay. These faults are in the DC side, whose impacts
are very similar, but the filter side or the inverter end faults are
external in nature. AI methods such as machine learning (ML) and
deep learning (DL) have been used to discriminate faults. Out of all
the AI methods used, the LSTM method performs better than all
other methods. The LSTM-based method is not affected by
transmission system parameters variation. The LSTM-based
method detects the faults within 1 ms time for all the tested fault
cases. The proposed method also uses a low sampling frequency
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compared to other methods. The LSTM-based method identifies the
faults with 100% accuracy. The novelty of the proposed work is that
it distinguishes external faults from internal faults with better
accuracy and helps in primary and backup relay coordination.
This study is organized as follows: Section 2 describes the
problem, Section 3 discusses the proposed method, Section 4
shows the results, Section 5 presents the discussions of the
proposed method, and Section 6 provides the conclusion of the work.

Problems in distinguishing between
internal and external faults

The objective of the proposed method is to discriminate
between the DC side fault of the converter station and
1 shows an HVDC
transmission line with a rectifier at the relay end and an

transmission line faults. Figure
inverter at the other end, along with different types of DC
faults. The faults in HVDC transmission lines are generally
single pole-to-ground faults (f1 and f2), as shown in Figure 1.
Double pole-to-ground and pole-to-pole faults also occur in
HVDC transmission lines. Such types of failures in the
transmission line may occur due to, for example, the
blowing of heavy winds, falling off a tree, switching
different  fault
resistances due to the fall of the conductor on different

surges, or lightning, experiencing
objects such as metallic objects, trees, sand, and ground.
Faults f1 and {2 are pole-to-ground, which will be detected by
the transmission line relay. The proposed method suggests
that the relay of the transmission line will be placed at the
rectifier end, which will detect the fault in the transmission

line for pole 1 and pole 2 wusing the rectifier end
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(A) Voltage profile of pole 1 during P1G fault at 100 km with R = 0 Q at 20 ms time. (B) Voltage profile of pole 2 during P1G fault at 100 km with
R =0 Qat20 mstime. (C) Voltage profile of pole 1 during the rectifier end DC fault at 20 ms time. (D) Voltage profile of pole 2 during the rectifier fault

at 20 ms time.

measurements of the transmission line and the converter
station measurements. The relay of the transmission line will
show output “0” if no fault occurs in the system and “1”
during transmission line faults. Hence, the transmission line
relay should provide a trip to the circuit breaker during the
transmission line faults.

Sometimes there are faults in the converter stations, maybe
on the rectifier side (f3 and f4) or the inverter side (5 and {6), as
shown in Figure 1. Faults 3 and f4 are the rectifier end faults, and
faults f5 and f6 are the inverter end faults. The faults occurring in
DC sections are similar, and the transmission line relay trips even
if the fault is external.

Figures 2A,B show the DC voltage signals of pole 1 (V)
and pole 2 (V) of the transmission line during P1G
transmission line fault at 100 km with R = 0Q at 20 ms
time, respectively. Figures 2C,D show the DC voltage
signals of pole 1 (V,;) and pole 2 (V,,) of the rectifier filter
end side during P1G transmission line fault at 100 km with R =
0 Q at 20 ms time, respectively. The voltages V,; and V', have
similar nature, but during the different line faults, they have
different behaviors. From Figure 2, it can be observed that
during the no-fault condition, the voltages are the same.
However, during the internal fault, the voltage drop in the
transmission line voltage (V) is very sharp but not in the DC
end rectifier voltage (V).

Figures 3A,B show voltages V;; and V, of the transmission
line during the rectifier fault at 20 ms time, respectively. Figures
3C,D show voltages V,; and V,, of the rectifier during the
rectifier fault at 20 ms time, respectively. From Figure 3, it can
be observed that when a DC fault occurs in the rectifier end, there
is a change in the measurements of the transmission line.
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However, the change in voltages is very small compared to
Figure 2.

Hence, a scheme should be designed to discriminate
between the different DC converter end and transmission
line faults for the appropriate operation of the transmission
line relay. The method is designed such that the relay shows
output “0” if no fault occurs. The relay shows output “1” if the
fault occurs in the transmission line. The relay will show output
“2” during the DC side of converter end faults, which means
that no faults exist in the transmission line. Hence, during the
converter station faults, the transmission line relay should not
provide a trip to the circuit breaker. However, the DC side of the
converter station should be checked for any type of faults in the
converter stations.

The proposed method

The proposed method consists of various sub-steps, such as
obtaining the signals, processing the signals, choosing the
appropriate fault detection method, and testing the efficiency
of the proposed method. Each of the steps will be described in the
following sections.

Selection of the inputs

The proposed method has been validated with a 500 kV,
50 Hz bipolar LCC-HVDC transmission line of length
1,100 km, as shown in Figure 1. The proposed system is
simulated using MATLAB/SIMULINK (MATLAB, 2018)

frontiersin.org
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FIGURE 5
Flow diagram of the proposed method.

software. The relay is connected to the rectifier end of the
transmission line, providing primary protection to the
transmission line. The backup protection will be provided by
the relay located at the inverter end. The proposed method uses
the voltage signals of the transmission line and the converter

station as inputs.

Processing of the inputs

It is necessary to extract features from the signals, which will be
able to discriminate the faults. The selected voltage inputs are
processed to get appropriate features for fault discrimination. The
recorded voltages are studied extensively to find appropriate
features for the detection of faults. Voltage extraction and
differentiating are implemented during the internal and external
faults using two voltage signals obtained from the transmission line
(Vi1 andVy,) and the rectifier filter (V,; and V). The optimal
features V; for pole 1 and V, for pole 2 of the rectifier end are
obtained after subtracting the transmission line voltage from the
rectifier end DC voltage as follows:

Frontiers in Energy Research
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Vi=(Vi=Vu)
Vo= (V2= Vi)

1
2

Figure 4A shows the voltage features of pole 1 during P1G
fault at 100 km with R = 0 Q at 20 ms time. Moreover, Figure 4B
shows the voltage features of pole 2 during the P1G fault at
100 km with R = 0 Q at 20 ms time. Figure 4C shows the voltage
features of pole 1 during the rectifier fault at 20 ms time.
Figure 4D shows the voltage features of pole 2 during the
rectifier fault at 20 ms time.

The optimal features V' for pole 1 and V', for pole 2 of the
inverter end are obtained after subtracting the transmission line
voltage from the inverter voltage as follows:

Vi= (Vi—Vu)
Vo= (V- Vi)

3)
4

The voltage features V; and V, are used as inputs to the
the end of the
line. Furthermore, the voltage features V) and V) are used as
inputs to the backup relay located at the inverter end of the line.
These features are then used along with various ML and DL

primary relay located at rectifier
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TABLE 1 Change of fault parameters.

Parameters Training
Fault location (km)
Fault resistance (Q) 0-100Q) in step of 50Q2
Fault type

Smoothing reactors —

methods for distinguishing between the converter faults and the

transmission line faults.

TABLE 2 Optimal parameters used for designing different training
modules.

Al Optimal parameters used

methods

ANN Backpropagation neural network, Levenberg-Marquardt
algorithm, transfer function = tan-sig, hidden layer = 1,
neurons = 61

RF Bagging, trees = 100

EL Boosting, cycles = 300

LSTM Hidden nodes (neurons) = 32, epochs = 400, batch size = 20,

input dimension = 2, optimizer = adam, dropout = 0.25

Frontiers in Energy Research
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Internal and external fault discrimination
method

This work uses the ML and DL techniques to discriminate
between the converter station faults (external faults) and the
transmission line faults (internal faults). A flow diagram of the
proposed method is shown in Figure 5. As the learning methods
have the ability to classify, they can be used effectively in this
problem to find the solution. The ML methods have various types,
such as ANN, SVM, ANFIS, k-NN, BC, DT, RF, and EL. = The DL
methods also have various types, such as LSTM, CNN, and RNN.
Among all these methods, the four strongest classification methods
are chosen to carry out the proposed work such as ANN (Hagan
etal,, 2006; Han and Kamber, 2006), RF (Louppe, 2014), EL (Opitz
and Maclin, 1999), and LSTM (Goodfellow et al., 2016).

In ANN, each input (p) given to a neural network is
multiplied with a specific weight (w), followed by the
summation of these weighted inputs along with the bias (b) in
the subsequent layers that follow the input layer, as follows
(Hagan et al., 2006):

y=f(wp+b) ®)

where f is the activation function. Random forest (RF) is a tree-based
learning type used for classification. Generally, with a random
selection of the important features, the bagging method is used to

Testing

Locations between 0.1 and 1,099 km

Between 0 and 100 Q

P1G, P2G, P1P2, P1P2G, rectifier fault, inverter fault
+50%

classify the data in an RF. The criterion for splitting the data in the RF
using the Gini index is given as follows (Louppe, 2014):

5 (5)
N

cjedom ( y)
Furthermore, ensemble learning (EL) is a combination of

Gini(y,8) =1- (6)

different learning machines or classifiers that, in a certain way,
gathers all algorithms to generate more accurate and reliable
results. Boosting is one of the most prominent model-guided
methods to select instances. Mathematically, the classification of
instance by AdaBoost can be written as follows (Opitz and
Maclin, 1999):

T
H(x) = sign Z“t - M; (x) 7)

t=1
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Training performance of (A) ANN and (B) LSTM.
TABLE 3 Performance results during f1 and f2 faults.
Fault Fault ANN EL RF LSTM
type location
(k) 0 T I o T I o T I 0 T
P1G 50 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
550 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
1,050 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
P2G 50 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
550 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
1,050 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
P1P2G 50 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
550 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
1,050 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
P1P2 50 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
550 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
1,050 1 0.4 L 1 0.4 L 1 0.4 L 1 0.2
O, output; T, time (ms); I, identification of fault; L, transmission line fault (internal fault).
where M, represents the classifiers and o is the individual weight (Oy), exist. The input gate is used for storing the new information
of each classifier. in the cell state as follows (Goodfellow et al., 2016):
LSTM is one of the RNN-based DL methods. In LSTM, three
gates, namely, input gate (i), forget gate (f;), and output gate ir = o (wilhep, x] +by) ®)
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(A) Voltage features of pole 1. (B) Voltage features of pole 2. (C) Output of ANN. (D) Output of RF. (E) Output of EL. (F) OQutput of LSTM during P2G

fault at 1,000 km with R = 0 Q at 2 ms time

TABLE 4 Performance results during the fault pole identification.

Fault type Fault location (km) ANN
P1 P2

PIG 31 1 0
P2G 131 0 1
PIP2G 231 1 1
P1P2 431 1 1
PIG 631 1 0
P2G 831 0 1
P1P2G 931 1 1
P1P2 1,031 1 1

P1, pole 1; P2, pole 2.

where o denotes sigmoid function, w weight, b bias, and / the output
of the LSTM block. The forget gate is used to throw away
information from the cell state as follows (Goodfellow et al., 2016):

fi =0 (we[her, x] +by) 9

The output gate is used to provide activation to the final output
of the LSTM block at a time stamp t (Goodfellow et al., 2016):

Or = 0(Wo [het, X ] + o). (10)

Figure 6 shows the bidirectional LSTM architecture, which is
one of the DL algorithms. In this work, the bidirectional LSTM has
been used to discriminate between the DC side faults.
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EL RF LST™M

P1 P2 P1 P2 P1 P2
1 0 1 0 1 0

0 1 0 1 0 1

1 1 1 1 1 1

1 1 1 1 1 1

1 0 1 0 1 0

0 1 0 1 0 1

1 1 1 1 1 1

1 1 1 1 1 1

The proposed Al method involves two phases: training and
testing. In the training phase, the network has been trained
with input features and known targets. For this phase, several
training samples are required, which can be obtained by
varying different parameters, as illustrated in Table 1. After
various trials, the optimal parameters of each method are

obtained, which are given in Table 2. Figure 7 shows the
training performance of the ANN and LSTM methods. After
designing the method, the method performance is evaluated
using fault cases as given in Table 1. The performance of the
relay has been evaluated and will be discussed in the following

section.
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TABLE 5 Performance results with fault resistance.

Fault Fault ANN
location resistance
(km) Q) 0 T
10 1 1 0.4
11 1 0.4
21 1 0.4
310 31 1 0.4
41 1 0.4
51 1 0.4
690 61 1 0.4
71 1 0.4
81 1 0.4
1,090 91 1 0.4
95 1 0.4
100 1 0.4

EL
I o
L 1
L 1
1
L 1
L 1
1
L 1
L 1
1
L 1
L 1

O, output; T, time (ms); I, identification of fault; L, transmission line fault (internal fault).

Simulation results

The proposed AI method has been evaluated using different

fault cases. The different parameters, which are varied, are the fault

type, the fault location, the fault resistance, the smoothing reactors,
the rectifier station fault, and the inverter station fault. The results
of the proposed method are described below.
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Performance of the primary relay

Effect of f1 and f2 transmission line faults
In HVDC transmission lines, faults occur involving one pole

or both poles. Thus, the proposed method has been tested with

various types of faults. Some of the test results are shown in
Table 3. Table 3 shows that the fault detection time is within

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1003169

Swetapadma et al.

A 45 ‘ ‘ . . . . . .
1t
S
2% o8 Fault at 2 ]
o ault at 2ms
o
0 Ty, |
0.5 L ‘ ‘ ‘ ‘ ! ! ! !
04 08 12 16 20 24 28 32 36 4.0
Time(ms)
C
1.5 T T T T T T T T T
1t
id
‘g'u. 0.5¢ Fault at 2ms 1
o° \
0 ,
05 L ‘ ‘ ‘ ‘ ! ! ! !
04 08 12 16 20 24 28 32 36 4.0
Time(ms)
FIGURE 10

Fault detection output, (A) RF, (B) ANN, (C) EL, and (D) LSTM during P1G

TABLE 6 Performance results with boundary fault.
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fault at 1,090 km with R = 100 Q at 2 ms time.
RF LSTM
T I (0] T 1 O T I
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L
0.4 L 1 0.4 L 1 0.2 L

O, output; T, time (ms); I, identification of fault; L, transmission line fault (internal fault).

TABLE 7 Performance results during the converter fault.

Converter ANN EL RF LSTM
faults

O T I OTT OT I OT I
3 2 48 C 2 5 C 2 54 C 2 02 C
f4 2 48 C 2 5 C 2 54 C 2 02

O, output; T, time (ms); I, identification of fault; C, converter fault (external fault).
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0.2 ms for all the tested fault cases using the LSTM method. The
other three methods have a fault detection time of 0.4 ms. All the
faults are also identified correctly as transmission line faults using
all methods. Figure 8 shows the inputs and outputs during the
P2G fault at 1,000 km with R = 0 Q at 2 ms. Moreover, Figures
8A,B show the input features of pole 1 and pole 2 during the
transmission line fault, respectively. Figures 8C-E show the
output that becomes “1” at 2.4 ms after the occurrence of

fault at 2 ms showing a transmission line fault for ANN, RF,
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(A) Voltage features of pole 1. (B) Voltage features of pole 2. (C) Output of LSTM during rectifier station fault at 20 ms time.

TABLE 8 Performance results of the backup relay during transmission line faults.

Fault Fault ANN EL
type location
(k) o T I o
PIG 33 1 04 L 1
533 1 0.4 L 1
1,033 1 0.4 L 1
P2G 33 1 04 L 1
533 1 04 L 1
1,033 1 0.4 L 1
P1P2G 33 1 0.4 L 1
533 1 0.4 L 1
1,033 1 04 L 1
P1P2 33 1 0.4 L 1
533 1 0.4 L 1
1,033 1 0.4 L 1

C
25 T T T T T T
=
o 27
|
Y
5}
5 1.5 b
o
e
3
c 1+ N
L
=
(5]
2 05 Fault at 20ms E
[T}
3 \
=
3 0 1
w
05 . . | | . . . | .
4 8 12 16 20 24 28 32 36 40
Time(ms)
RF LSTM
T I (0 T I (0] T
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2
0.4 1 0.4 L 1 0.2
0.4 L 1 0.4 L 1 0.2

O, output; T, time (ms); I, identification of fault; L, transmission line fault (internal fault).

and EL, respectively. Figure 8F shows the output of the relay
using LSTM, which becomes “1” at 2.2 ms after the occurrence of
fault at 2 ms showing a transmission line fault.

After the transmission line fault is detected, the fault pole
is identified for providing a trip to the respective circuit
fault cases are used to check the

breaker. Various

performance of the fault pole identification method.
Table 4 shows some of the test results for the fault pole

identification during different types of faults for all the
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used methods. Figure 9 shows the fault pole identification
output for all four methods. Results show that all methods
identify the fault pole accurately, but the LSTM method takes
less time compared to other methods.

Effect of fault resistance

Most of the methods designed for transmission lines are
affected by fault resistance. In this work, the proposed method
has been tested with various fault resistance up to 100 Q.
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TABLE 9 Performance results of the backup relay during the converter
fault.

Converter ANN EL RF LSTM
faults

O T I OTT OT I OT I
f5 2 48 C 2 5 C 2 54 C 2 02 C
f6 2 48 C 2 5 C 2 54 C 2 02 C

O, output; T, time (ms); I, identification of fault; C, converter fault (external
fault).

10.3389/fenrg.2022.1003169

time. Figures 10A-C show the output of the relay using RF,
ANN, and EL, respectively, which becomes “1” at 2.4 ms after
the occurrence of fault at 2 ms showing a transmission line
fault. Figure 10D shows the output of the relay using LSTM
which becomes “1” at 2.2 ms after the occurrence of fault at
2 ms. It has been observed from the results that the proposed
method is not affected by fault resistance. Among all the
methods, the LSTM-based method can detect faults faster
than other methods.

120 T T
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FIGURE 12

Comparison between all methods used for transmission line fault detection.

TABLE 10 Comparison with other methods.

Methods Techniques used Sampling Time
rate (kHz) (ms)

Wu et al. (Saber, 2021) Traveling wave 6.7 kHz 1.6-1.8

Marvasti et al. (Yang et al., 2021) Harmonic over current protection 20 40

Xiao et al. (Swetapadma et al., 2021b) Setting calculation preparation quantity 6.4 10

Li et al. (Wu et al,, 2017) Electromagnetic transient (EMT) — 1

Kong et al. (Li et al., 2020) Traveling wave 10 6

Zhang et al. (Mehrabi-Kooshki et al., Specific frequency current 2 60

2020)

Swetapadma et al. (Swetapadma et al, Rectifier voltage and long short-term memory network 1 <1

2021b)

Proposed method 1. Rectifier voltage, transmission line voltage, and long short-term memory network 5 <0.5

for primary relay

2. Inverter voltage, transmission line voltage, and long short-term memory network

for backup relay

Table 5 shows the test results of the proposed method for
varying fault resistance. Table 5 shows that the fault detection
time is within 0.2 ms for all the tested fault cases using the
LSTM method. The other three methods have a fault detection
time of 0.4 ms. Figure 10 shows the output of all Al-based
relays during P1G fault at 1,090 km with R = 100 Q at 2 ms
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Effect of boundary faults

Most of the methods are not capable of detecting faults
that occur near and far boundaries. The proposed method is
tested with various near and far-end faults, and the results
are given in Table 6. Table 6 shows that the fault detection
time is within 0.2 ms for all the tested boundary fault cases
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using the LSTM method. The other three methods have a
fault detection time of 0.4 ms. It has been observed from the
result that the proposed method is not affected by boundary
fault. Among all the methods, the LSTM-based method can
detect boundary faults faster than other methods.

Effect of f3 and f4 converter faults

The proposed method has been tested using various DC
faults of the converter station, including f3 and f4. Table 7
shows the test results of the proposed method for converter
station faults. Table 7 shows that the fault detection time is
within 0.2 ms for all the tested fault cases using the LSTM
method. The fault detection time is within 4.8 ms for all the
tested fault cases using the ANN method. The fault detection
time is within 5 ms for all the tested fault cases using the EL
method. Moreover, the fault detection time is within 5.4 ms
for all the tested fault cases using the RF method. Figure 11
shows the input features and the LSTM output during pole
2 rectifier end station fault. Figures 11A,B show the voltage
features of pole 1 and pole 2 during the rectifier station fault
at 20 ms time, respectively. Figure 11C shows the output of
after the
occurrence of fault at 20 ms showing a converter station

the relay using LSTM, which becomes “2”

DC fault. These types of faults are identified correctly as
converter faults.

Performance of the backup relay

The proposed method also suggests that there will be one
backup relay at the inverter end, which should operate after some
delay when the primary relay fails to operate.

Effect of transmission line faults

The proposed method has also been tested for the backup
relay during transmission line faults. Table 8 shows the
test results of the backup relay for different transmission
line faults. The results show that all methods can detect the
fault correctly. However, the LSTM method can detectitina
minimum time. Hence, the proposed method has the
advantage of detecting transmission line faults correctly
even if the primary relay fails.

Effect of f5 and f6 converter faults

The proposed method has been tested with various DC
converter faults, such as f5 and 6. Table 9 shows the test
results of the proposed method for these converter station
faults. All the faults are identified correctly as converter
faults using all methods. Table 9 shows that the fault
detection time is within 0.2ms for all the tested fault
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cases using the LSTM method, but the detection time is
greater for other methods. Hence, it can be concluded that
the backup relay detects the converter faults correctly.

Discussions

This work suggests a method to discriminate the
faults the
converter station faults (external faults). The features

transmission line (internal faults) from
used are the voltage features after processing the DC
voltages. In this work, three ML methods (ANN, RF, and
EL) and one DL method (LSTM) have been used for fault
discrimination. All the methods discriminate between faults
correctly, but the detection time is different for all the
methods. In this case, around 10,000 fault cases are used
to validate the proposed method. The performance of all
methods has been compared in terms of the time taken to
detect the faults. Figure 12 shows that LSTM has a fault
detection time within 0.5 ms for all tested fault cases.
However, the other three methods have fault detection
times greater than 1 ms for some cases. Hence, LSTM can
be considered to be the optimal method for distinguishing
between transmission line faults and converter faults.

Previously, various methods have been suggested for the
distinction between various faults by researchers. The
proposed fault detection method has been compared with
other existing methods in terms of sampling rate and the
time taken for detection. Table 10 shows the comparison of
existing methods with the proposed method. It shows
that the proposed method takes less time to detect these
types of faults than the other methods. The proposed
method also uses a low sampling frequency compared to
other methods. By considering the advantages of the
proposed method, it can be used efficiently to detect
faults in transmission lines.

Conclusion

This work proposes a novel fault detection method for
LCC-HVDC
between the transmission line and external faults, which

bipolar transmission lines, distinguishing
comprise the converter end, smoothing reactor, and filter
end fault. The proposed method uses around 10,000 fault
cases to validate the method. The sensitivity, specificity, and
accuracy of the proposed method are 100%. The proposed
method can distinguish between internal and external faults to
avoid false tripping of relays. Finally, the proposed method

suggests a backup relay in case of failure of the primary relay.
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It also detects the fault within a fraction of a millisecond
of time.
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