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Abstract: Large and remote offshore wind farms (OWFs) usually use voltage source converter
(VSC) systems to transmit electrical power to the main network. Submarine high-voltage direct
current (HVDC) cables are commonly used as transmission links. As they are liable to insulation
breakdown, fault location in the HVDC cables is a major issue in these systems. Exact fault location
can significantly reduce the high cost of submarine HVDC cable repair in multi-terminal networks. In
this paper, a novel method is presented to find the exact location of the DC faults. The fault location
is calculated using extraction of new features from voltage signals of cables’ sheaths and a trained
artificial neural network (ANN). The results obtained from a simulation of a three-terminal HVDC
system in power systems computer-aided design (PSCAD) environment show that the maximum
percentage error of the proposed method is less than 1%.
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1. Introduction

Offshore wind farms are going to become a major source of energy in the wind energy
field. The energy that can be derived from offshore is more than that onshore due to
the high potential of wind on the sea. There are two types of power transmission for
OWFs—AC and DC [1]. Studies show that HVDC connections are more economical for
large and remote OWFs [2,3]. New-generation power electronic converters are VSCs, which
have demonstrated themselves to be an attractive alternative to previous generations of
current source converters (CSCs) or line-commutated converters (LCCs). The VSC controls
activate and reactivate power independently. They can also have appropriate interaction
with main grids, especially weak grids, and various converters in the same network zone.
Moreover, the VSCs occupy less space than LCCs [4,5].

In multi-terminal VSC-HVDC transmission systems, cross-linked polyethylene (XLPE)
submarine cables have a significant role as DC power links. The DC submarine cable is
liable to ground faults because of possible insulation breakdown. The great advancements
in circuit breaker technology make multi-terminal HVDC system more feasible than in
the past [6,7]. A VSC-based HVDC system has good prospects for the multi-terminal
DC grid, owing to the advantages of this type of HVDC system [8]. However, there are
many challenges moving from point-to-point DC topology to multi-terminal DC topology,
especially in the protection system. The goal of a protection system is to maintain the
power system stability by isolating only the faulty components whilst leaving as much of
the network as possible still in operation [9]. In point-to-point HVDC systems, the popular
solution is to employ AC circuit breakers in which the whole HVDC grid is disconnected
from the rest of the network. Thus, the whole HVDC grid is de-energized in the event of
a fault by the circuit breakers residing on the AC sides [10]. In the multi-terminal cases,
it is preferable to isolate only the faulted section instead of the whole HVDC grid. To
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achieve this goal, DC circuit breakers are used to isolate only the faulted section. The DC
protection relays also determine when the breakers should operate. DC protection relaying
requires special consideration over conventional AC methods. Fault location for this kind
of system is a great challenge due to the high cost of maintenance of faulted cables undersea.
Therefore, an accurate fault location method is vital in this field.

In [11,12], a protection scheme of a multi-terminal VSC system and fault analysis
for a multi-terminal DC wind farm are discussed, respectively. However, they have not
investigated any fault location estimation method. In [13], DC faults are isolated in multi-
terminal DC (MTDC) by using voltage and current characteristics. In this way, only
the faulted DC link is isolated, and the fault location identification is neglected. A new
algorithm based on a combination of traveling waves and a cross-correlation method has
been proposed for the calculation of the fault location in the DC cable of both VSC and
CSC HVDC systems [14]. Reference [15] utilizes noise pattern analysis caused by the
switching of power electronic devices to locate ground faults in ungrounded DC shipboard
power distribution systems. Active impedance estimation has been suggested for fault
location in a zonal DC marine power system [16]. A fault location algorithm based on
wavelet transform is investigated for VSC-HVDC cable in [17]. An iterative method based
on voltage comparison is presented in [18] for the estimation of fault location in HVDC
systems. Reference [19] investigates a method based on fundamental wave propagation
theory to detect and discriminate faults in HVDC grids. The VSC-HVSC systems have
different fault transients from those in the HVAC systems. Therefore, more studies need to
be carried on protection of VSC-HVDC systems. In [20], the operation of distance relays
was investigated for an offshore wind farm connected to the main grid via a VSC-HVDC
system. A method based on a combination of DC and harmonic overcurrent protection
for rectifier converters of monopolar HVDC systems is also presented [21]. To achieve fast
protection of HVDC grids against DC faults, an algorithm in ref [22] uses sensors integrated
into the cable joints and proactive hybrid breakers. Double-circuit transmission lines, with
bipolar transmission lines of two different LCC-based HVDC systems constructed on the
same towers, are a new technology. An integrated protection method based on traveling
wave theory is presented for double-circuit HVDC links [23].

Recently, traveling wave principle-based protection was applied in HVDC and MTDC
systems [24,25]. It has a very fast response by detecting the wavefront of traveling waves.
The discrete wavelet transform (DWT) is used for detecting the arrival of wavefronts due
to short operation time and simple implementation [26]. The fault criteria are also designed
through DWT in [27], which is used in a multi-terminal system. However, the traveling
wave-based methods need a high sampling rate and accurate wavefront detection. Based
on boundary characteristics, some protection methods based on transient harmonic current
have been introduced [28,29]. Differential protection is also applied in HVDC transmission
lines, as introduced in [30]. The presented fault location estimation method in [31] is based
on voltage similarity. Assessment of the frequency domain is another method suggested
in [32], which uses the natural frequency generated by traveling waves. However, it is
necessary to use a higher-resolution tool in this method. The method presented in [33],
with single-ended measurement, makes full use of frequency, time, and energy to capture
fault features via Hilbert–Huang transform (HHT). Therefore, the accuracy of the fault
location scheme is necessary for the VSC HVDC transmission line and cables.

In this paper, a new intelligent method is presented for the estimation of fault location
in multi-terminal HVDC transmission systems connected to offshore wind farms. To locate
DC fault position, the proposed method uses the sheath voltage of HVDC cable extracted
from different HVDC areas. Then, the obtained results are post-processed by an artificial
neural network to estimate the fault location. In the proposed method, for the first time,
new features extracted from the sheath voltage signal are used for the estimation of fault
location in electrical power systems. In addition, by using two features of maximum and
average of sheath voltage, the calculation burden of the training process decreases, and the
performance of the proposed fault location method is improved. A three-terminal HVDC
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system that uses VSC converters and sends its power through positive and negative 150 kV
cables is simulated in PSCAD software. Different conditions of DC faults are applied
to evaluate the estimation accuracy of the suggested technique. The simulation results
demonstrate the robustness and reliability of the proposed method.

2. Transmission System of Multi-Terminal VSC-HVDC Connected to OWFs

The transmission system of multi-terminal VSC-HVDC connected to the OWFs usually
includes multiple VSC units that are parallel connected via submarine HVDC cable.

2.1. Test System

As depicted in Figure 1, a multi-terminal HVDC system connected to OWF A and
OWF B is utilized to be the test case [34]. To obtain the desired voltage level, a converter
transformer is installed adjacent to each OWF. The system is equipped with a high-pass
filter and series reactor to remove current harmonics. The generated electric power is
transferred through the HVDC system to the main networks. The VSC control unit can
independently adjust the phase angle and magnitude of AC voltage. In this way, the
DC power and voltage on the AC side can be adjusted by phase angle and magnitude of
generated voltage by the VSC. In [35,36], the topologies of two-level and three-level VSCs
were investigated in detail. It has been shown that these topologies have similar transient
behavior in DC fault conditions [13]. The midpoints of DC capacitors are grounded to
remove the imbalance between positive and negative poles [35–37]. The reference voltage
is also provided in bipolar HVDC systems. The cable sheath is grounded so that the fault
current can return through the sheath, the grounded midpoint of the capacitor and the
grounded link of the transformer [13]. However, with a suitable control strategy, the MMC
could be more tolerable to DC faults.

Wind 2023, 3, FOR PEER REVIEW 3 
 

 

maximum and average of sheath voltage, the calculation burden of the training process 
decreases, and the performance of the proposed fault location method is improved. A 
three-terminal HVDC system that uses VSC converters and sends its power through pos-
itive and negative 150 kV cables is simulated in PSCAD software. Different conditions of 
DC faults are applied to evaluate the estimation accuracy of the suggested technique. The 
simulation results demonstrate the robustness and reliability of the proposed method. 

2. Transmission System of Multi-Terminal VSC-HVDC Connected to OWFs 
The transmission system of multi-terminal VSC-HVDC connected to the OWFs usu-

ally includes multiple VSC units that are parallel connected via submarine HVDC cable. 

2.1. Test System 
As depicted in Figure 1, a multi-terminal HVDC system connected to OWF A and 

OWF B is utilized to be the test case [34]. To obtain the desired voltage level, a converter 
transformer is installed adjacent to each OWF. The system is equipped with a high-pass 
filter and series reactor to remove current harmonics. The generated electric power is 
transferred through the HVDC system to the main networks. The VSC control unit can 
independently adjust the phase angle and magnitude of AC voltage. In this way, the DC 
power and voltage on the AC side can be adjusted by phase angle and magnitude of gen-
erated voltage by the VSC. In [35] and [36], the topologies of two-level and three-level 
VSCs were investigated in detail. It has been shown that these topologies have similar 
transient behavior in DC fault conditions [13]. The midpoints of DC capacitors are 
grounded to remove the imbalance between positive and negative poles [35–37]. The ref-
erence voltage is also provided in bipolar HVDC systems. The cable sheath is grounded 
so that the fault current can return through the sheath, the grounded midpoint of the ca-
pacitor and the grounded link of the transformer [13]. However, with a suitable control 
strategy, the MMC could be more tolerable to DC faults. 

 
Figure 1. Case study. 

2.2. DC Cable Fault Classification 
The DC cable faults can be grouped into the following categories: 

• Positive cable ground fault. 
• Negative cable ground fault. 
• Pole-to-pole fault (positive cable to negative cable fault). 

The pole-to-pole faults are very rare in submarine DC cables because positive and 
negative cables are separated by insulation and conduit sets. On the contrary, ground 
faults are very prevalent in DC submarine cables due to insulation breakdown because of 
cable aging and exposure to a wet environment. 

  

Figure 1. Case study.

2.2. DC Cable Fault Classification

The DC cable faults can be grouped into the following categories:

• Positive cable ground fault.
• Negative cable ground fault.
• Pole-to-pole fault (positive cable to negative cable fault).
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The pole-to-pole faults are very rare in submarine DC cables because positive and
negative cables are separated by insulation and conduit sets. On the contrary, ground faults
are very prevalent in DC submarine cables due to insulation breakdown because of cable
aging and exposure to a wet environment.

3. The Proposed Concept

To present an effective fault location method, we need to review the transient behavior
of the system under fault circumstances. During a severe DC cable fault in a multi-terminal
system, the control unit of VSC blocks IGBTs rapidly by stopping the gate firing signal.
Then, anti-parallel diodes act as uncontrolled rectifiers so that the fault current is fed from
the AC side system [38]. The XLPE HVDC cable has a main conductor that is located at
the center. Moreover, it has two conductive layers known as sheath and armor, which are
separated by appropriate insulators. During normal conditions, the sheath current is zero.
On the contrary, during fault conditions, the fault current passes through the sheath. Thus,
the transient overvoltage appears and voltage surges travel from the fault location in both
directions.

After a fault occurs in an HVDC link, the generated waves propagate through the
main conductor and the cable sheath [39]. Thus, as an appropriate attribute, sheath voltage
can be used for the fault location procedure. The extracted characteristics from the sheath
voltage have the potential to be used in fault location estimation. This study investigated
a combination of the mentioned characteristics with an artificial intelligence method i.e.,
an ANN, to locate DC faults. Sheath resistance has a direct relationship to fault distance
from the intended terminal. Long-distance faults correspond to high sheath resistance.
Therefore, the magnitude of the sheath voltage changes based on a change in fault distance.
This means that the signal of the sheath voltage and possible features extracted from this
signal can be appropriate criteria for fault location estimation in VSC-HVDC transmission
systems.

Features extracted from the sheath voltage samples are given to the neural network as
input data in the proposed algorithm. The input data have a vital role in the performance
of the proposed method. A comprehensive investigation has been performed to extract the
best features from the sampled data. With regard to the trend of the sheath voltage graph
for different cases of DC fault and its characteristics, two appropriate features are selected:

• Maximum absolute value of sampled data for sheath voltage (signal peak).
• Average of sampled data for sheath voltage.

In this study, it is assumed that the fault detection process has been performed and
a faulty branch identified. This can be achieved by detecting sudden changes in the
magnitude of DC current and voltage in the related area. The faulty branch can also be
diagnosed using the state of the DC circuit breaker of each area [7,8]. The open state of a
DC circuit breaker means that a DC fault happened in that area. The algorithm to train
and test the proposed method is shown in Figure 2. At first, the proposed method collects
signals of sheath voltage measured at the HVDC cable terminals of three areas. Then,
the calculation process of two features—the maximum absolute value and the average of
sampled data—will be started. The proposed method will be trained by these features to
achieve acceptable outputs. Finally, the trained ANN is able to estimate the fault location
in the faulted area.
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Figure 2. The proposed algorithm.

4. Simulation Results

Different simulations are performed in the PSCAD environment and are post-processed
by MATLAB software to evaluate the performance of the suggested algorithm. A three-
terminal multi-terminal VSC-HVDC system connected to two offshore wind farms is used
as the case study, as depicted in Figure 1. The power generated by OWF A is 250 MW as
OWF B generates 150 MW. The cable lengths in areas C, B and A are 100 km, 80 km and
60 km, respectively. Characteristics of the case study are shown in Table A1 in Appendix A.
A frequency-dependent model of the cable is used in the case study using cable geom-
etry features, resistivity, relative permittivity, and permeability of each section as input
data [40,41]. The 150 kV cable parameters are shown in Table A2 in Appendix A.

A basic architecture of a three-layer feedforward ANN is shown in Figure 3. In this
study, the feedforward–backpropagation type of the ANN has been used to locate DC faults
in the HVDC cables. To train the neural network, 372 cases of faults have been tested on the
HVDC cables of areas A, B and C. For each area, faults have been simulated at every 2.5 km
on the length of each area cable. Both parameters of fault distance and resistance have been
changed to run a variety of fault conditions. Each case of fault at a certain location has been
simulated with fault resistance of 0 Ω, 10 Ω and 100 Ω. The sampling frequency of data
measurement is set to 2.5 kHz. The length of the data window is one cycle, which is 20 ms
for a power frequency of 50 Hz. In all cases, the measured voltages of the cable sheaths
are given as inputs to the trained ANN. The output of the ANN is the distance to the fault
point from the beginning of the faulted cable.
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Different configurations are tested for the neural network and the best topology
of the network is selected by trial-and-error process. The proposed network has three
hidden layers with the neuron numbers 20, 30 and 10 for the first, second, and third layers,
respectively. The output layer indicates the fault location on the cable of the faulted area.
The optimized excitation functions for the first layer are set to piecewise linear function
and for the second and third layers are set to sigmoid unipolar function. The back-error-
propagation method selects random coefficients and weights for the ANN work nodes.
Then, it feeds in an input pair and obtains the results. Afterward, the algorithm calculates
the error at each node starting from the last stage and propagates the error backward. Then,
it updates the values of the weights. This procedure is repeated with all input–output pairs
defined in the training process. The procedure lasts until the network reaches the desired
converging error. More details and equations of the ANN used in the simulation are given
in Appendix B.

The following simulation results demonstrate that the neural network has good per-
formance using these features. Figure 4 shows the results of the sheath voltages when a
negative cable ground fault at a distance of 95 km happens in the area C. The sheath voltage
of area C has the maximum magnitude. A fault case of the positive cable at a distance of
90 km from terminal C as is shown in Figure 5. Figures 4b and 5a show that a fault at a
shorter distance leads to a higher absolute value of signal peak for the sheath voltage and
also signal average, as can be seen for the signal range in Figure 4b: between the times
t = 5 s and t = 5.005 s, it is less than 1 kV, while it is more than 1 kV for the case in Figure 5a.
The difference between peak values is related to the differences in fault distance of two
cases. For the positive cable fault, only the positive sheath value is considered, while for
the negative cable fault, only the negative sheath value is considered.
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As an evaluation index, the estimation error is defined as follows:
Error (%) = ((Estimated location − Actual location)/Cable length) × 100
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4.1. Simulation Results for Faults in Area A

Results of fault location estimation for positive cable in area A are shown in Table 1.
Estimation errors for different cases of DC positive to ground fault are shown in the table.
DC faults with different distances from the terminal A and resistances of 0 Ω, 10 Ω and
100 Ω are investigated. For example, the estimated error for the case of a DC fault at 30 km
distance from the terminal A with a zero fault resistance is 0.27%. All of the cases have an
estimated error of less than 1%. The maximum error is for the case of the fault at a distance
of 40 km with fault resistance of 10 Ω, which is equal to 0.69%. The last row of the table
shows the average of estimated error for the cases with certain fault resistance. As can
be seen, the average error is increasing with an increase in fault resistance. Therefore, the
cases with higher fault resistance are more challenging cases. Table 2 presents the outputs
for negative cable ground faults of area A. The maximum error for these types of faults
is 0.73%, which is for the case of a fault at a distance of 10 km with a resistance of 100 Ω.
The trend of error average is similar to the positive cable faults in Table 1. Faults with
resistance of 100 Ω have the maximum value for the estimated error average and faults
with resistance of 0 Ω have the minimum value for the estimated average error. Generally,
the results in Tables 1 and 2 show the proposed method has good and reliable performance
in area A.

Table 1. Results of fault location estimation for the positive cable of area A.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.33 0.49 0.53 0.45
20 0.65 0.32 0.40 0.456
30 0.27 0.38 0.39 0.346
40 0.42 0.69 0.58 0.563
50 0.29 0.48 0.63 0.466

Estimated Error Average 0.392 0.472 0.506 0.4562

Table 2. Fault location results for the negative cable of area A.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.45 0.41 0.73 0.53
20 0.55 0.37 0.46 0.46
30 0.16 0.44 0.64 0.413
40 0.52 0.60 0.71 0.61
50 0.21 0.40 0.59 0.4

Estimated Error Average 0.378 0.444 0.626 0.4826

4.2. Simulation Results for Faults in Area B

The results of the fault location for the positive cable in area B are shown in Table 3.
For example, the estimated error for the case of a DC fault at 20 km distance from the
terminal B with 10 Ω resistance is 0.31%. The maximum error is for the case of the fault at a
distance of 60 km with a fault resistance of 10 Ω, which is equal to 0.77%. The averages
of estimated error for the cases with fault resistances of 0 Ω, 10 Ω and 100 Ω are 0.420%,
0.484% and 0.594%, respectively. Table 4 presents the outputs for negative cable ground
faults of the area B. The maximum error for these types of faults is 0.87%, which is for the
case of a fault at a distance of 70 km with a resistance of 10 Ω. In this area, the amount of
error average is increasing with an increase in fault resistance except in the cases of the
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negative cable faults with a resistance of 10 Ω. The estimated errors in Tables 3 and 4 show
the proposed method has robust performance in area B.

Table 3. Results of fault location estimation for the positive cable in area B.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.13 0.22 0.44 0.263
20 0.32 0.31 0.64 0.423
30 0.54 0.66 0.60 0.6
40 0.37 0.51 0.75 0.453
50 0.74 0.53 0.55 0.606
60 0.36 0.77 0.61 0.58
70 0.48 0.39 0.57 0.48

Estimated Error Average 0.420 0.484 0.594 0.486

Table 4. Results of fault location estimation for the negative cable in area B.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.17 0.64 0.49 0.433
20 0.56 0.85 0.55 0.653
30 0.50 0.52 0.60 0.54
40 0.47 0.30 0.73 0.5
50 0.64 0.74 0.67 0.683
60 0.30 0.31 0.53 0.38
70 0.71 0.87 0.50 0.693

Estimated Error Average 0.478 0.604 0.581 0.554

4.3. Simulation Results for Faults in Area C

Simulation results for faults in area C are shown in Tables 5 and 6. The maximum
error for positive cable faults is 0.88%, which is for the case of a fault at a distance of 70 km
with a resistance of 100 Ω. The same case for negative cable faults has a maximum error of
0.80%. The averages of the estimated error for positive cable faults with fault resistance of
0 Ω, 10 Ω and 100 Ω are 0.447%, 0.515% and 0.655%, respectively. On the other hand, for
negative cable faults, the averages of the estimated error for fault resistance of 0 Ω, 10 Ω
and 100 Ω are 0.458%, 0.555% and 0.648%, respectively. Similar to the previous results in
areas A and B, the averages of estimated error increase with an increase in fault resistance.

The simulation results for three areas of the case study demonstrate the suitable
performance of the proposed algorithm. It can be seen from the tables that estimation
errors for faults with high resistance are bigger than for low-resistance ones. The maximum
estimated error for fault location in all studied cases of different areas belongs to area C,
with the value of 0.88, which is less than 1%.

Moreover, a comparative assessment of the proposed fault location method with some
fault location methods is shown in Table 7. As can be seen from the table, the proposed
method has high accuracy and low sampling frequency in comparison with the existing
fault location methods. Although the double-ended fault location methods have lower
maximum error than the proposed method, they require communication links and data
synchronization. Consequently, the cost of the required equipment is higher than the
single-ended methods, including the proposed approach.
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Table 5. Result of fault location estimation for the positive cable of area C.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.50 0.42 0.54 0.486
20 0.11 0.31 0.43 0.283
30 0.44 0.48 0.59 0.503
40 0.57 0.66 0.85 0.693
50 0.36 0.50 0.73 0.53
60 0.41 0.31 0.60 0.44
70 0.48 0.63 0.88 0.663
80 0.57 0.62 0.55 0.58
90 0.59 0.71 0.73 0.676

Estimated Error Average 0.447 0.515 0.655 0.539

Table 6. Results of fault location estimation for the negative cable of area C.

Fault Distance
(km)

Fault Resistance (Ω)

Mean Absolute Error (%)0 10 100

Estimation Error (%)

10 0.52 0.79 0.50 0.603
20 0.25 0.21 0.62 0.36
30 0.34 0.43 0.51 0.426
40 0.64 0.69 0.74 0.69
50 0.30 0.68 0.79 0.59
60 0.48 0.55 0.66 0.563
70 0.43 0.63 0.80 0.62
80 0.50 0.42 0.45 0.456
90 0.67 0.60 0.77 0.68

Estimated Error Average 0.458 0.555 0.648 0.554

Table 7. Comparative analysis of the proposed fault location with existing methods.

Reference Algorithm Signal Used Sampling Frequency
(kHz)

Communication
Required Max. Error (%)

[42] Voltage distribution Current and
voltage 100 Yes (double-ended) 0.78

[43] DWT * Voltage 100 No (single-ended) 0.85
[44] Wavelet Current 50–200 Yes (double-ended) 0.965
[45] SSA * Voltage 250 No (single-ended) 2.12

[46] Distance
relay

Current and
voltage 80 No (single-ended) 3.6

[47] SAE * Current 5 No (single-ended) 1.23
[48] ANN Voltage 20 No (single-ended) 5.69

Proposed method ANN Sheath voltage 2.5 No (single-ended) 0.88

* Discrete Wavelet (DWT), Signal segmentation approach (SSA), Stacked auto-encoder (SAE).

5. Conclusions

The use of multi-terminal VSC-HVDC transmission systems for large and integrated
OWFs is increasing in modern power networks. One of the crucial aspects of studies in
these kinds of systems is DC fault location. A new fault location method for the HVDC cable
of a multi-terminal VSC system is presented in this paper. The proposed algorithm uses an
ANN that is trained by special features extracted from the transient voltage of the cable
sheath to exactly locate different DC faults. The combination of extracted features from the



Wind 2023, 3 371

novel signal and the intelligent tool yields a new fault location method in the field of multi-
terminal HVDC transmission systems. Varieties of fault conditions including negative
and positive DC fault types with different locations and fault resistances are performed
throughout the study. The simulation results show that the suggested method has reliable
performance. Moreover, a comparison with existing methods has been presented in the last
part of the study. The suggested method can provide the system with attractive advantages,
such as lower sampling frequency, compared to the other methods.
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Appendix A

In this section, the parameters of the multi-terminal VSC-HVDC system and 150 kV
XLPE cable are given in Tables A1 and A2.

Table A1. The grid parameters.

Parameters Value

OWF power (in total) 400 MW
Line-to-line AC voltage 400 kV
Pole-to-ground DC voltage 150 kV
X/R ratio (AC grid) 10
Voltage ratio of VSC transformer 33 kV/155 kV
Leakage reactance of converter transformer 0.1 p.u.
DC capacitor 100 µF

Table A2. The HVDC cable parameters.

Radius [m] Resistivity
(ohm*m)

Relative
Permittivity

Relative
Permeability

Conductor 0.019 1.72 × 10−8 - 1
Main insulation 0.039 - 2.5 -
Sheath 0.042 2.2 × 10−7 - 1
Insulation A 0.044 - 2.5 -
Armor 0.049 1.8 × 10−7 - 100
Insulation B 0.051 - 2.5 -

Appendix B. More Details and Equations of the ANN Used in the Simulation Study

The ANN has the learning ability of exemplar patterns so that it can be used for
both regression and classification purposes. This network consists of several layers: input,
hidden, and output. Each layer has several neurons, and its output is considered as the
next-layer input after passing through activation function. The activation function can be
linear, hyperbolic, and tangential. The layers’ connection is established through a weight
matrix. In order to recognize the nonlinear and complicated relationship between input
and output matrices, the bias vector and weight matrix should be determined so that the
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maximum estimation accuracy is obtained. To achieve this goal, the weight and bias are
gradated in a repetitive process based on the gradient descent method. Assuming that the
connecting weight between neuron i and j is wij and neuron bias is bi, then the output of
the ith neuron is expressed as follows:

xi = f (ξi) (A1)

ξi = ∑
j∈Γ−1

i

wijxj + bi (A2)

where Γ−1
i is a set of connected neurons to the ith neuron in the previous layer. In order to

adjust the bias and weight, the backpropagation method is utilized based on the gradient
descent as follows:

wk+1
ij = wk

ij − λ

(
∂E

∂wij

)k

(A3)

bk+1
ij = bk

ij − λ

(
∂E
∂bij

)k

(A4)

where λ is the learning rate and E is calculated as below:

E =
1
2
(xo − x̂o)

2 (A5)

where xo is the calculated output vector and x̂o is the desired target vector. The error
derivative with respect to weight and bias of the ith neuron is calculated as follows:

∂E
∂wij

=
∂E
∂xi

f ′(ξi)xj (A6)

∂E
∂bi

=
∂E
∂xi

f ′(ξi) (A7)

As such, we have:
∂E

∂wij
=

∂E
∂bi

xj (A8)

If the neuron i belongs to the output layer:

∂E
∂xi

= (xo − x̂o) (A9)

and if the neuron i belongs to the hidden layer:

∂E
∂xi

= ∑
l∈Γi

∂E
∂xl

f ′(ξi)wli = ∑
l∈Γi

∂E
∂bi

wli (A10)

where Γi is a set of connected neurons to the ith neuron in the next layer. As can be found
from (10), for the calculation of the error derivate of each neuron with respect to its inputs,
the error derivate should first be calculated for neurons of the next layer. As such, in order
to adjust the bias and weight, the output layer error should be calculated according to (9)
and then the error derivative for hidden layers neuron is calculated as (10). This process
can be repeated for a predetermined number or desirable error.
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