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ABSTRACT A single-end based fault location method is proposed for VSC (Voltage Sourced Converter)
HVDC (High Voltage Direct Current) transmission systems. With the proposed method, there is no need for
communication system to collect data from different locations and the need for checking data synchronization
is avoided. The proposed method is derived from the relationship between the aerial and ground voltage
components along the DC transmission system. Bergeron model equations are used for calculating the
1-mode and 0-mode voltages along the transmission system using the measured signals at a single end. The
proposed method is generalized for locating both the pole-to-ground and pole-to-pole faults. The profile of
the differences between the voltage components is studied with considering the effect of the fault resistance.
Artificial neural network (ANN) is trained based on collected samples from different test cases. The proposed
single-end based fault location method can successfully locate the fault and determine the fault resistance
even with uncertain line parameters. The proposed method is theoretically validated by the help of PSCAD
simulation platform. In addition, the effectiveness of the proposed method is verified based on real time
measurements obtained from RTDS system.

INDEX TERMS Fault location, fault detection, HVDC, voltage sourced converter (VSC), modularmultilevel
converter (MMC), energy storage, travelling wave model, pole-to-ground fault, pole-to-pole fault, artificial
neural network (ANN), training.

I. INTRODUCTION
VSC (Voltage Sourced Converter) HVDC (High Voltage
Direct Current) transmission systems become a highly sig-
nificant method for various applications in electrical power
systems [1]–[4]. In comparison to the CSC (Current Sourced
Converter) based HVDC systems, the VSC HVDC systems
have the features such as high controllability, no need for
reactive power compensation, no commutation failure prob-
lems, and more flexible for multi-terminal system opera-
tions [5]–[8].

Generally, providing a reliable protection for the VSC-
HVDC transmission systems is still an interesting topic for
researchers [9]–[16]. Furthermore, locating of faults for the
VSC-HVDC transmission system has been considered to
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be challenging. Successfully locating of DC line faults will
reduce the interruption time for maintenance and enhance the
system continuous service and operation.

Fault location methodologies are generally categorized
into two main types, namely single-end and two-end based
methods. The single-end based methods are more distin-
guished. Depending on the signals captured at a single end
of the transmission system avoids the need for verifying
data synchronization and there is no need for communication
system [17]–[21]. There are many methodologies to locate
the DC fault where another categorization of the algorithms
can be presented as follows:

A. TRAVELING WAVE METHODS
The traveling wave algorithms are considered among the out-
standing techniques in fault location application [22]–[32].
Such methods need to accurately identify the exact instants
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at which the originated traveling waves from the fault point
reach the terminals. With the help of the recorded time dif-
ference between the waves’ arrivals at both ends in addition
to the traveling wave speed value, the location of the fault
could be figured. However, the accuracy of such methods
is significantly affected by the accuracy of identifying the
wave arrival instant at terminal, the precision of the traveling
wave speed value, and the time synchronization between
measured signals at both ends. The corresponding strategy for
locating the fault based on single-end measurements has been
investigated in [27], [28]. However, such methods need to
characterize the initial waveheads in addition to the reflected
ones. Furthermore, a discrimination between the reflected
waves from the fault point and the others reflected from
the remote end is needed to be successfully performed. This
brings difficulty in application particularly with the pres-
ence of high frequency noise. In addition, these methods are
applicable to locate ground faults only as it depends on the
existence of the zero-mode components [27], [28].

Other traveling wave methods are introduced with special
control arrangements as in [29], [30]. In [29], the modular
multilevel converter unit is exploited in injecting a traveling
wave pulse to be propagated over the transmission system for
locating the ground faults. However, this is exclusive only for
the ground faults and MMC-based systems. A similar idea
is proposed in [30] where the hybrid DC circuit breaker is
controlled such that voltage pulse is injected along the faulty
line to determine the fault location. There are other methods
based on the same concept however with the requirement for
visiting the site and including additional equipment such as
specific waveform injector, tracing monitors, and dedicated
processing units [31], [32].

B. MACHINE LEARNING METHODS
In terms of artificial intelligence applications, a simple yet
low complexity method was proposed in [33], which depends
on the similarity of the captured voltage signal at one end
of the transmission system to existing patterns. Pearson’s
correlation coefficient is utilized to detect the similarity of the
captured voltage signal at one end of the transmission system
to existing patterns. It is successfully applied with CSC-based
HVDC transmission systems; however, it could not be applied
to VSC-based systems because of the different boundary
components and converter types. The concept of employing
Pearson’s correlation method was used in [34] with a VSC
system, and the method relies on checking the similarity of
the DCCB branches’ currents to existing previously obtained
data. After the most correlated patterns are confirmed, kernel-
based weighted averaging processing is performed to calcu-
late the accurate fault location. This method needs complex
computations with significant computational burdens in data.
In addition, it is limited to only the systems employing hybrid
DC circuit breakers.

The proposed algorithm in [35] depends on the stacked
auto-encoder (SAE) neural network for locating the fault. It is
considered as a supplementary to the traveling wave-based

fault location methods. It needs to capture the traveling cur-
rent surges to be used as input to the trained SAE. This
necessitates capturing the measured signal at a high sampling
rate of 5 MHz. Another study has been presented in [36]
without the need to capture traveling wave heads in the
time domain. Lower sampling rate of 50 kHz is utilized.
However, this method is applicable only with the two-level
converter systems with large shunt capacitors at terminals.
The shunt capacitors help to simplify the expression of nat-
ural frequency to be related the distance of the fault. More
investigation is still required with different systems such as
the MMC systems where the capacitors are not lumped at
terminals with such cases.

C. TIME DOMAIN CALCULATION METHODS
With regard to the time-domain based calculations, the Berg-
eron model representation has been successfully employed in
proposing fault location method with utilizing measurements
at both ends [17], [18]. The profile of 1 -mode voltage is
calculated over the length of the transmission system by
the help of Bergeron model equations in terms of the local
measured signals. Two 1 -mode voltage profiles are obtained
as the calculations are performed with respect to each end.
Then, the fault point could be identified by the point at which
the calculated 1 -mode voltages are equal. In [37], the fault
location could be identified based on using the data measured
at two ends of the transmission system. It is based on creating
an estimated simple R-Lmodel for the transmission system to
provide a formula for the fault location. It is a high accurate
method but needs long time window for the post fault data
in order to get a stable result without fluctuations in the
determined value for the fault location.

Based on Bergeron model equations, the proposed method
in this paper is developed. The proposed method is a single-
end based method, and hence there is no need for communi-
cation system and the problem of unsynchronized samples
is avoided. The relation between the 1-mode and 0-mode
components of the voltage along the transmission systemwith
considering the fault resistance value helps identify the fault
location. The introduced method is based on training ANN
(artificial neural network) for determining the fault loca-
tion. The proposed method is successful in locating both the
pole-to-ground and pole-pole faults in monopole and bi-pole
systems and the proposed method is a generalized method
as single processing core is adopted for locating both fault
types.

The paper is organized as follows; in section II, the pro-
posed fault location method is explained. Section III shows
the obtained results considering the performance of the
trained ANN. In section IV, the performance of the proposed
method is studied with utilizing uncertain parameters of the
transmission system. The proposed method is extra validated
considering different monopole MMC based system running
in real time by the help of RTDS in section V. The impact of
AC side grid on the proposed method is tested in section VI.
Finally, the conclusion is presented in section VII.
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II. FAULT LOCATION METHOD
A. PROPOSED METHOD
The fault location could be determined based on the relation
between the 1-mode and 0-mode voltages along the transmis-
sion line.

1) POLE-TO-GROUND FAULTS
With considering a severe pole-to-ground fault condition as
shown in Fig. 1 (a), the following conditions are met at the
fault location:

Vp = 0, Ip = If , In = 0 (1)

where Vp is the voltage of the positive pole at the fault loca-
tion, Ip and In are the positive and negative poles currents at
the fault point. The 1-mode and 0-mode voltages and currents
at the fault location could be calculated from the following
equations:[

V1
V0

]
=

1
√
2

[
1 −1
1 1

] [
Vp
Vn

]
,[

I1
I0

]
=

1
√
2

[
1 −1
1 1

] [
Ip
In

]
(2)

V1 = −V0 =
−1
√
2
Vn, I1 = I0 =

1
√
2
If (3)

Using (3), the relation between the 1-mode and 0-mode
equivalent circuits could be derived as shown in Fig. 1 (b).

2) POLE-TO-POLE OR DOUBLE POLE-TO-GROUND FAULTS
The pole-to-pole fault case is similar to double pole-to-
ground condition. In both cases, there is no current to the
ground because the two poles are balanced as depicted in
Fig. 1 (c). In both cases, the following conditions are met at
the fault location:

Vp = Vn = 0, Ip = If = −In (4)

V1 = V0 = 0, I0 = 0, I1 =
√
2 If (5)

With this balanced condition between the poles, the 1-mode
and the 0-mode circuits are not interconnected at the fault
point as indicated in Fig. 1 (d). The 0-mode circuit is not
active and there is no flowing 0-mode current and thus the
0-mode voltage is zero as well. The system condition is rep-
resented only by the 1-mode circuit and the 1-mode voltage
level at the fault point is zero.

B. PROPOSED FORMULA
The key generalized feature for determining the fault location
for both the ground and pole faults is that the absolute values
of the 1-mode and 0-mode voltage components are equal at
the fault point. The voltage components can be calculated
along the whole length of the transmission system in terms
of the locally measured signals at one end of the transmission
system as indicated in Fig. 2. The Bergeron model equations
used for calculating the 1-mode and 0-mode voltages along

FIGURE 1. The aerial mode and ground mode circuits during fault
condition.

FIGURE 2. Signals measured at one end of the transmission system for
implementing the proposed fault location method.

the transmission system are presented in appendix A. The
voltage components are obtained as follows:

Ṽ1(x) =

∑t2
t1 |V1(x)|

(t2 − t1)/1t
, Ṽ0(x) =

∑t2
t1 |V0(x)|

(t2 − t1)/1t
(6)

1V (x) =
∣∣Ṽ1 (x)− Ṽ0(x)∣∣ (7)

where Ṽ1(x), Ṽ0(x)re the normalized values for the 1-mode
and 0-mode calculated voltages at specific location x during
the post-fault duration from t1 to t2. t1 is the instant at
which the 1-mode voltage at the line terminal gets below
0.9 pu. 1t is the sampling time step. V1 (x) and V0 (x) are
calculated with the help of Bergeron model equations in
terms of the single-end measurements. 1V is the difference
between aerial mode and ground mode voltages. Because the
1-mode and 0-mode voltages are equal at the fault point,1V
would be zero. Then the fault location could be determined as
follows:

1V (fault_loc) = min{1V (x) : x ∈ (0, total_length)} (8)
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FIGURE 3. The difference between the aerial mode and ground mode
voltages calculated based on single-end measurements.

C. PROFILE OF THE DIFFERENCE BETWEEN 1-MODE AND
0-MODE VOLTAGE COMPONENTS
For the investigation of the profile of the difference between
the 1-mode and 0-mode voltages, a bipolar HVDC system of
400 MW, ±400 kV, 400 km is simulated using PSCAD. The
details about the configuration of the transmission system
will be presented in the next section. A frequency dependent
model for the employed transmission system is utilized to
obtain accurate simulated results. The converter units are two-
level-based types and represented by their detailed models.
The sampling time step is 20 µs. Different severe pole-to-
ground and pole-to-pole fault cases are tested at 100 km,
200 km, and 300 km, respectively. The samples are collected
from the test cases on PSCAD, then they are processed offline
using Matlab. The 1-mode and 0-mode voltage distributions
are calculated along the transmission system for each case.
Then, the voltage difference versus the distance along the
transmission system according to (7) can be determined.
Figs. 3 (a) and 3 (b) show the obtained results for the voltage
difference profile for pole-to-ground and pole-to-pole faults,
respectively. As shown in the figures, the voltage difference
profile reaches a minimum value at the fault location. These
cases are for severe faults where the fault resistance is almost
zero. While the following section will discuss the aspects of
fault resistances.

D. CONSIDERATION OF THE FAULT RESISTANCE
1) POLE-TO-GROUND FAULTS
With the pole-to-ground fault condition with fault resis-
tance, the following conditions are met at the fault
location:

Vp = If Rf , Ip = If , In = 0 (9)

After calculating the 1-mode and 0-mode signals, the follow-
ing relations are obtained:

I1 = I0 =
1
√
2
If (10)

V1 =
1
√
2
Vp −

1
√
2
Vn, V0 =

1
√
2
Vp +

1
√
2
Vn (11)

From (10) and (11), the relation between the 1-mode and 0-
mode voltages is as follows:

V1 + V0 =
√
2 Vp =

√
2 If Rf (12)

V1 + V0 = 2I1Rf (13)

The equivalent circuits’ connection is as shown in Fig. 4
(a). The difference between the 1-mode and 0-mode voltages
would not be zero at the fault location. In other expression,
(7) is updated as follows:

1V
(
x,Rf

)
=
∣∣Ṽ1 (x,Rf )− Ṽ0 (x,Rf )∣∣ = 2I1Rf (14)

As seen in (14), the voltage difference is affected by the fault
resistance value. For investigating this aspect, pole-to-ground
fault cases are tested at 200 km distance with changing the
fault resistance value. Fig. 4 (b) shows the voltage difference
profile calculated with changing the fault resistance value.
As depicted, the obtained profile is shifted and it depends on
the resistance value.

2) POLE-TO-POLE FAULTS OR DOUBLE
POLE-TO-GROUND FAULTS
With having a pole-to-pole or double pole-to-ground fault
condition via a fault resistance, the signals at the fault location
are defined as:

Vp − Vn = If Rf , Vp = If
Rf
2
, Vn = −I f

Rf
2

(15)

Ip = If = −In (16)

V1 =
1
√
2

(
Vp − Vn

)
=

1
√
2
If Rf (17)

I0 = 0, I1 =
1
√
2

(
Ip − In

)
=

2
√
2
If (18)

V0 = 0, V1 = I1
Rf
2

(19)

It is worthy to note that the fault resistance in case of double
pole-to-ground fault is assumed to be balanced. The unbal-
anced double pole-to-ground fault is to be considered in
future study. The fault resistance value affects the 1-mode
voltage and consequently the voltage difference profile long
the transmission system. Fig. 4 (c) indicates the fault resis-
tance in the equivalent circuit and Fig. 4 (d) shows the testing
results of the pole-to-pole fault cases at 200 km distance with
varying the fault resistance.

E. ANN FOR LOCATING THE FAULT
Based on the abovementioned analysis, each fault location
has a set of profiles of the difference between the 1-mode
and 0-mode voltages. Various profiles are obtained because of
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FIGURE 4. The equivalent circuits and voltage difference with considering
the fault resistance influence.

the effect of the fault resistance value. The proposed method
depends on training neural network for locating the fault and
determining the fault resistance value as well. The proposed
method is designed based on adopting single neural network
for locating both ground and pole-to-pole fault types. The
features extracted from the voltage difference profile repre-
sent the main inputs to the neural network. These features
represent 5 inputs as indicated in Fig. 5 (a). In addition,
there are extra 2 inputs to the neural network which support
better identifying the fault location. Fig. 5 (b) shows a typical
configuration of the neural network and all the inputs and
outputs are indicated in the table in Fig. 5 (b).

The first one of the additional inputs is the condition of the
0-mode voltage. This input is true/false type which indicates
the existence of 0-mode voltage or not. This helps to identify
the fault type. The pole-to-ground faults result in the existence
of high value of the 0-mode voltage because of the unbalance
between the poles. On the other hand, there is no 0-mode
voltage with pole-to-pole or double pole-to-ground faults.
Thus, the ground and pole faults could be extinguished by
the help of this input. It is worthy to note that the threshold

FIGURE 5. Neural network design.

value for discriminating the existence of the 0-mode voltage
is selected to be 0.2 pu [11]. The second one of the additional
inputs is the maximum value of the rate of change of the
1-mode current measured at the terminal. The 1-mode current
exists in all fault types. This helps discriminate the cases
which are quite similar in the voltage difference profile. As an
example, the voltage difference profiles of two different fault
cases at 150 km with Rf = 10� and 315 km with Rf = 0�,
respectively are shown in Fig. 6 (a) where both profiles are
quite similar. However, the maximum value of the rate of
change of the 1-mode current measured at the terminal is
different and discriminative as presented in Fig. 6 (b). Thus,
the proposed neural network has 7 inputs, 2 outputs, and
the number of hidden layers is indicated in the following
section III.A

III. VALIDATION OF RESULTS
A. ANN TRAINING
Samples are needed to be collected for training the neural
network. With referring to the simulated system in II.C, vari-
ant test cases for pole-to-ground and pole-to-pole faults are
simulated. Different fault locations are tested starting at 0 km
up to 400 km with a step of 10 km between cases; and for
each fault location, different fault resistances are considered,
such as 0, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, and 35 �
for pole-to-ground faults and 0, 4, 6, 8, 10, 12, 14, 16, 18, 20,
30, 40, 50, 60, and 70 � for pole-to-pole faults.
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FIGURE 6. Rate of change of the 1-mode current considering two
different fault locations having the same voltage difference profile.

With Matlab tool, a single neural network is trained using
the collected data sets. The inputs are normalized before
the training. The single neural network consists of 4 hidden
layers with 15 neurons for each layer. The data set is divided
whereas 80% of the data set is for training, 10% for testing,
and 10% for validation. The performance of the trained NN
is as shown in Fig. 7 (a) where best validation performance
is 8.5878e-05 at epoch 288. Regression analysis is performed
and a high correlation is obtained between the outputs and
targets for locating the fault. The regression coefficient is
0.99985 for the data set employed for training, 0.99971 for
the tested samples, and 0.9997 for the validated data as shown
in Figs. 7 (b), 7 (c), and 7(d), respectively. Figs. 7 (e) and 7 (f)
show the error between the outputs and targets of the trained
network for locating the fault. The error is measured as a
percentage of the total transmission system length of 400 km.
At each fault location, there are many samples for the error
because of the various corresponding test cases. The figure
shows the error samples put in ascending order at each loca-
tion. The central red mark in each box indicates the median
values of the errors, and the bottom and top edges of the
box indicate the 25th and 75th percentiles, respectively. The
whiskers are extended to the most extreme data points, and
the outliers are plotted individually using the ‘+’ symbol.
As shown, the error is lower than 1 % for most of the
samples.

For further validating the performance of the neural net-
work, it is tested with other samples which are not included
in the training process. Different locations and new values for
the fault resistance are adopted. Table 1 shows the error values
for the adopted test cases.

FIGURE 7. Performance and regression analysis of the trained neural
network for locating the faults.

B. COMPARISONS BETWEEN PROPOSED METHOD
AND OTHER EXISTING RELATED METHODS
Table 2 presents the fault location error values for both the
proposed method and other existing related methods. The
mean and maximum values of the proposed method errors
are calculated based on the results in Table 1 where the
neural network has been tested with new cases not included
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TABLE 1. Testing the trained NN with new test cases.

TABLE 2. Performance evaluation compared to existing related methods.

in the training. The second algorithm in the table is based on
training SAE neural network and uses the captured current
surges as input. The third algorithm depends on extracting
the wavelet coefficients of the measured current and use it as
input to a trained neural network. In addition, the performance
of single-end traveling wave method is included. As shown,
the proposed method is distinguished by having the lowest
value of the mean error. From the maximum error values, it is
indicated that the SAE method is the best algorithm. How-
ever, very high sampling frequency is mandatory with this
method where 5 MHz is utilized to capture the current surges
while the proposed method is validated with 50 kHz. Fur-
thermore, the proposed method is implemented with lower
sampling rate at 20 kHz and 10 kHz as indicated in sections
V.A and VI respectively. The third and fourth methods in
the table are limited by higher errors and the need for high
sampling rate as well.

FIGURE 8. Effect of much higher fault resistances.

C. MUCH HIGHER FAULT RESISTANCE
The proposed method is tested under much higher fault resis-
tances. Pole-to-ground fault cases at 200 kmwith having fault
resistance of 300, 400, and 500 � are simulated. The effect
of low resistance values is previously shown in Fig. 4 (b).
In this section, Fig. 8 (a) indicates the profile of 1V with
having high fault resistances. The profile of 1V at 0 � fault
resistance is included for better indicating the effect due to
the much high resistances. In addition, Fig. 8 (b) shows the
rate of change of 1-mode current considering these test cases.
As shown, both of the profile of1V and the rate of change of
the 1-mode current become not discriminative enough with
much higher fault resistances.

IV. UNCERTAINTIES IN LINE PARAMETERS
A. INFLUENCE ON VOLTAGE DIFFERENCE PROFILE
The performance of the proposed method is tested if there
is uncertainty with the employed parameters. Table 3 shows
the previously employed parameters in training and testing
in addition to the changed values. The configuration of the
corresponding transmission system is shown in Fig. 10.

In order to investigate the effect on the voltage difference
profile due to utilizing uncertain parameters, Fig. 9 shows
the profile of the voltage difference with a severe pole-
to-ground fault condition at 150 km with changing the
employed parameters in calculating the voltage difference
profile. As depicted, the profile is apparently affected if the
parameters are not accurate. It can be found that the perfor-
mance of the neural network is not badly affected if this devia-
tion in voltage difference profile is considered in the training,
and this will be discussed in the following subsection.
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TABLE 3. Employed parameters for the training and testing.

FIGURE 9. Influence of inaccurate parameters on the voltage difference
profile with severe ground fault at 150 km.

FIGURE 10. Configuration of the employed underground cable [10], [11].

B. ANN PERFORMANCE WITH UNCERTAIN PARAMETERS
Firstly, it should be pointed out that the parameters are
included for calculating the voltage difference profile in two
steps:

a) Training: The parameters are utilized for creating the
voltage difference profiles for training the neural net-
work. This is performed with the help of collected data
of predefined cases.

b) Functioning: After establishing the network, the
parameters are needed in calculating the voltage dif-
ference profile for locating the fault. This is performed
for new cases not included in training.

It is found that the proposed method is not affected by the
uncertain parameters if the deviated voltage difference profile
is considered in the training of the neural network and the

same parameters are included in both training and functioning
of the neural network.

The uncertain parameters indicated in table 3 is utilized
for retraining and testing a new neural network. By using
the collected samples in section II, the voltage difference
profiles are regenerated by utilizing the changed parameters
according to Table 3; and neural network is retrained. Firstly,
the performance of the retrained NN is studied. It indicates
in Fig. 11 (a) where the best validation performance is
6.2919e-05 at epoch 443. Furthermore, regression analysis
is performed. It is found that a high correlation is obtained
between the outputs and targets for locating the fault. The
regression coefficient is 0.99948 for the data set employed for
the training, 0.99908 for the tested samples, and 0.99905 for
the validated data as shown in Figs. 11 (b), 11 (c), and 11 (d),
respectively. Figs. 11 (e) and 11 (f) show the error between the
outputs and targets of the retrained network for locating the
fault with using uncertain parameters. As shown, the error is
lower than 1% formost of the samples despite the uncertainty
in parameters.

Furthermore, the performance of the retrained neural net-
work is tested with new cases which are not included in the
training process. It is worthy to note that the same uncertain
values for the parameters are utilized. The new cases which
are previously tested according to Table 1 are adopted again
in Table 4.

Table 4 shows the results obtained for the tested fault
cases. As shown, the error is lower than 1% for most of
the samples although of employing uncertain parameters.
This is a great advantage of the proposed method where
it shows stable performance even with uncertain parame-
ters. This is because the deviated voltage difference profile
is considered in the training and the same parameters are
included for both the training and functioning of the neural
network.

V. VALIDATION WITH MONOPOLE
MMC SYSTEM ON RTDS
The above validation analysis was simulated for a bipolar
400 km HVDC system with underground cable configuration
on PSCAD software. For more validating the proposed fault
location method, another monopole MMC-based system is
implemented on RTDS.

It is worthy to note that the bipolar and monopolar systems
are different in configuration. A brief description about the
difference between bipolar and monopolar systems is pre-
sented in appendix B. Validating the proposed method with
monopolar system extra supports the efficacy of the proposed
method.

Fig. 12 (a) shows a block diagram for the test system. It is a
two-terminal monopole 100 MW, 60 kVMMC based HVDC
system. Overhead transmission line of 100 km is employed
according to the configuration depicted in Fig. 12 (b) and
its frequency dependent model is implemented for more
accurate representation. In order to validate the proposed
fault location method, suitable data set is firstly established
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FIGURE 11. Performance and regression analysis of the retrained neural
network with utilizing uncertain parameters.

based on testing different fault cases with the adopted sys-
tem on RTDS. Then, the collected data set are utilized
for validating the proposed fault location method offline
by Matlab.

TABLE 4. Testing the retrained NN after changing the parameters.

FIGURE 12. Implemented test system on RTDS.

A. HANDLING LIMITATION OF LARGE STEP IN
CALCULATIONS DUE TO LOW SAMPLING FREQUECY
The proposed fault location method needs to calculate the
profile of both 1-mode and 0-mode voltages along the trans-
mission system. Then, the difference between both the volt-
age components helps identify the location of the fault. With
the adopted test system on RTDS, a restriction point is
determined. The calculated profiles along the transmission
system length are found to be more stable and accurate with
utilizing large distance step. This is because the time step
with RTDS for collecting data is 50 µs and the transmission
system is overhead line.With the overhead line configuration,
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the traveling wave is faster in propagation than that of the
case with underground cable [10], [11]. 50 µs time step size
approximately equals the travel time duration along 15 km of
the adopted overhead line. This means that the voltage profile
can be more accurately calculated every 15 km in distance
which is not a good resolution in determining the exact fault
location point.

Fig. 13 (a) shows the profiles of the 1-mode and 0-mode
components with 15 km large time step in calculations for a
fault condition at 50 km. It is an accurate result where both
the profiles have the intersection at 50 km which is the exact
location of the fault. However, if the difference between both
the profiles is calculated with these large step samples, the
minimum value of the difference would refer to an inaccurate
location. It is hence recommended to have few meters only
as a step in calculating the voltages profiles along the trans-
mission system so as to identify the fault location accurately.
For handling the abovementioned limitation, the profile of
each voltage component is interpolated before calculating the
difference.

With interpolating each voltage component profile, more
discrete points can be obtainedwith a step size of a fewmeters
only and the minimum value of the difference would lead
to the accurate fault location. Fig. 13 (b) is a representation
of the same profiles in Fig. 13 (a) with being interpolated.
Fig. 13 (c) indicates the importance of the interpolation where
the voltage difference profile is shown with and without the
interpolation. As depicted, the minimum value of the differ-
ence profile refers to the exact fault location at 50 km with
interpolation.

This handling step supports the wide applicability of the
proposed fault location method. The fault location could be
successfully identified regardless of the configuration of the
transmission system for both the overhead and underground
systems. In addition, low levels of sampling frequency are
acceptable and this is validated by implementing the proposed
method with using 10 kHz sampling rate as indicated in the
section VI.

B. TEST RESULTS
The concept of the proposed fault detection method is tested
on RTDS. Three severe pole-to-ground and pole-to-pole fault
cases are implemented at 20 km, 50km, and 80 km, respec-
tively. The measured samples of the voltages and currents at
one end of the transmission system are firstly collected. Then,
these data are processed offline using Matlab. Fig. 14 shows
the profile of the difference between the 1-mode and 0-mode
voltages for both ground and pole faults. As shown in the fig-
ure, it is highly discriminative profiles to successfully locate
the fault even the system is monopole MMC based HVDC.

It is concluded that the proposed method works well with
both bipolar and monopolar systems. The proposed method is
mainly depending on the voltage profile along the transmis-
sion system which is highly affected in both systems. This is
a good advantage of the proposed method as it is a general
method and the included results in the manuscript provide

FIGURE 13. Profile of difference between 1-mode and 0-mode voltages
with the fault at 50 km.

evidence about the high efficacy of the proposed method for
both bipolar and monopolar systems.

C. NEURAL NETWORK TRAINING
Variant test cases for pole-to-ground and pole-to-pole faults
are executed on RTDS. Different fault locations are included
starting at 0 km up to 100 km with a step of 10 km between
cases. For each fault location, variant fault resistances are
included starting from 0 � to 10 � with having a step of 1 �
and from 12 � to 20 � with a step of 2 �.
With Matlab, a single neural network is trained using

the collected data sets. 4 hidden layers are included with
15 neurons for each layer. The data set is divided whereas
80% of the data set is for training, 10% for testing, and
10% for validation. Regression analysis is performed and
a high correlation is obtained between the outputs and tar-
gets for locating the fault. The regression coefficient is
0.99877 for the data set employed for training, 0.9986 for the
tested samples, and 0.99942 for the validated data as shown
in Figs 15 (a), 15 (b), and 15 (c), respectively.

Fig. 15 (d) shows the error between the outputs and targets
of the trained network for locating the fault. As shown, the
error is lower than 1 % for most of the samples. The error
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FIGURE 14. Profile of difference between 1-mode and 0-mode voltages
based on RTDS results.

TABLE 5. Testing the trained NN with new test cases based on RTDS
results.

is measured as a percentage of the total transmission system
length which is 100 km.

For further validating the performance of the neural net-
work, it is tested with other samples which are not included
in the training. Different locations and new values for the fault
resistance are adopted. Table 5 shows the results obtained for
the tested fault cases. As shown in the table, the error is lower
than 1% for most of the samples.

VI. VALIDATION WITH CONVERTER INTERFACED
GENERATION AT AC SIDE
The VSC-HVDC systems are widely employed in integrat-
ing renewable wind energy resources with the grid. The
most common generation types used in wind farms are dou-
bly fed induction generators (DFIG) and permanent magnet

FIGURE 15. Performance and regression analysis of the trained neural
network with RTDS results.

synchronous generators (PMSM). The DFIG incorporates
partial scale converter units connected between the rotor of
the generator and the AC side while the PMSG is integrated
via full-scale converters [4].

This part in the paper investigates the impact of AC side
grid on the proposed fault location method. For this purpose,
a ± 320 kV, 400 km overhead line with MMC units at the
terminals is simulated. MMC equivalent components were
constructed in PSCAD environment, and the detailed parame-
ters of this system are summarized in [10]. It is worthy to note
that the voltage and current signals are sampled at 10 kHz rate
and the proposed interpolation strategy presented in section
V.A is included during processing. The AC sides for this
system include

- 5.2 MVA PMSG unit interfaced by 5 MW 2-level VSC
units at one side.

- a conventional AC source at the other side.

As shown in Figs. 16 (a) and 16 (c). The proposed fault
location method is implemented in two scenarios:

1- At the terminal at which the conventional AC source is
connected as depicted in Fig. 16 (a).

2- At the terminal at which the converter interfaced gen-
eration is integrated as depicted in Fig. 16 (c).
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FIGURE 16. Impact of AC side grid on the proposed fault location method.

In both cases, two fault conditions are simulated to validate
the proposed fault location method with such systems. Fig. 16
(b) shows the voltage difference profile calculated according
to the first scenario. As shown, the minimum value of the
derived voltage difference profile successfully indicates the
location of the faults at 100 km and 300 km respectively.

For more validation, the proposed method is implemented
at the other side according to the second scenario indicated
in Fig. 16 (c). The obtained response is almost the same as
shown in Fig. 16 (d) where the fault locations are successfully
determined in spite of having converter interfaced generation
at the AC side.

VII. CONCLUSION
A single-end based fault location method has been proposed
for VSC-HVDC transmission systems. There is no need for
communication system for the proposed method and hence

checking of the synchronization condition between samples
is avoided. The proposed method is based on the relationship
between the 1-mode and 0-mode voltages of the post-fault
condition along the transmission system. The features of the
voltage difference profile between the 1-mode and 0-mode
help identify the fault location. A neural network has been
trained for locating both the pole and ground faults based
on a generalized single computation core. The test results
have validated the good performance of the proposed method
even with uncertain line parameters. The proposed method
has been tested with different system configurations, such
as bipolar, monopolar, underground cable, and overhead line
systems. The tests have been performed based on utilizing
collected theoretical samples using PSCAD and that from real
time simulation platform RTDS.

APPENDIX
A. BERGERON MODEL EQUATION
The Bergeron model equations for calculating the 1-mode
and 0-mode voltages, in terms of single end measurements,
at any point along the transmission system are shown in (20)
and (21), respectively. The subscripts 1 and 0 are for indicat-
ing the 1-mode and 0-mode, respectively. x is the distance at
which the voltage components are calculated. v1, v0, i1, i0 are
the locally measured voltage and current signals at one end
of the transmission system. Zc is the characteristic impedance
and r is the resistance per unit length. τ is the traveling time
along the length x.
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B. BIPOLAR AND MONOPOLAR SYSTEMS
CONFIGURATIONS
The bipolar and monopolar systems are different in config-
uration. In bipolar system, each terminal has two converter
units while the monopolar system has only single converter
unit at each end [38], [39]. Fig. 17 shows the configuration
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FIGURE 17. Bipolar and monopolar systems configurations [38], [39].

of both systems. The bipolar system is considered as two
monopolar systems combined together [38], [39].

The proposed theory works for both types. There is no
problem when applying the proposed theory with monopolar
and bipolar systems. In both cases, the 1-mode and 0-mode
voltage components could be calculated in terms of the local
measured signals. All the proposed analysis and equations are
applicable with both types.

The difference between the monopolar and bipolar systems
is highlighted in case of ground fault condition as discussed
in the following paragraph. However, this difference does not
affect the proposed fault location method.

In case of pole-to-ground fault, the DC line voltage, in
bipolar systems, is reduced to half of its nominal level.
The ground fault in bipolar system is considered as a
short circuit on one of the two converters at DC termi-
nals. On the other side, with the monopolar system, the
DC link voltage is not reduced with ground fault condition.
However, the faulted pole become grounded at zero voltage
while the other pole voltage is raised to the total system
voltage value. This is indicated in the Table 6 for more
elaboration.

The proposed method works well with both bipolar and
monopolar systems because it is manly depending on the
voltage profile along the transmission system which is highly
affected in both systems. This is a good advantage of the
proposed method as it is a general method and the included
results in the manuscript provide evidence about the high effi-
cacy of the proposed method for the bipolar and monopolar
systems.

TABLE 6. Difference between bipolar and monopolar system considering
ground fault condition.
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