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ABSTRACT 

This paper introduces a fault locator approach designed for non-homogeneous VSC-HVDC (Voltage 

Source Converter-High Voltage Direct Current) transmission circuits. In various projects, such as those 

involving offshore wind farms, the transmission circuit's right-of-way can be non-homogeneous, 

incorporating a mix of underground cables and overhead lines. This diversity in circuit configuration poses 

issues with fault location approaches. The proposed method involves measuring signals at two sides of the 

non-homogeneous transmission circuit. Initially, the faulted section is identified using a specific criterion. 

This criterion calculates the profile of the 1-mode component of the voltage along the transmission circuit, 

without considering its non-homogeneous nature. This method is founded upon disparities in the voltage 

change rate between power cables and overhead lines. The provided identification method does not depend 

on the calculation of fault distances. Subsequently, the faulty point within the selected section is obtained 

by updating the calculated voltage profile. Notably, our method does not necessitate the installation of 

additional sensors at junction points. Furthermore, the introduced approach has the capability to locate 

various fault types, including pole-to-pole and pole-to-ground faults, and it remains effective regardless of 

the fault resistance value. These investigations were conducted using PSCAD software as a simulation 

environment, with the proposed method's calculations executed in MATLAB. 

Keywords-fault location; VSC; HVDC transmission circuit;. offshore wind farm 

I. INTRODUCTION  

Voltage Source Converter-based High Voltage Direct 
Current (VSC-HVDC) transmission systems are widely 
employed worldwide for the efficient transmission of large 
power quantities. HVDC systems offer numerous advantages 
compared to traditional HVAC transmission systems [1-10]. 
One notable advantage is that the length of the DC transmission 
circuit is not limited, thanks to the absence of charging 
currents, especially with underground cables. This flexibility 
encourages the implementation of integration projects between 
different grids with varying frequencies over long distances. In 

some cases, the transmission system can be non-homogeneous, 
incorporating a mix of underground cables and overhead lines. 
This non-homogeneity arises due to the changing nature of the 
right-of-way, as seen in projects like offshore wind farms [11-
15]. 

Accurately locating faults in HVDC systems is crucial for 
efficient maintenance, ensuring service continuity, and 
minimizing maintenance time [16-35]. One prominent 
approach in fault location methods is the traveling wave 
technique, which involves precisely determining when 
traveling waves from a faulty point arrive at the line ends by 
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analyzing time differences and wave speeds [16–26]. However, 
the accuracy of this method can be compromised when dealing 
with non-homogeneous transmission systems, where multiple 
specific values of wave speed may be present. Distinguishing 
among Reverberated waves originating from the fault location 
and other reflections, especially in non-homogeneous circuits, 
poses a challenge. The method presented in [27] addresses fault 
location in non-homogeneous circuits using the traveling wave 
concept, but it requires the installation of distributed current 
sensors at multiple points, including ends and junctions 
between overhead lines and underground cables. Other 
traveling wave methods employ specialized control 
arrangements, such as injecting traveling wave pulses through 
existing equipment like converters or hybrid DC circuit 
breakers [23, 24]. Some methods in this category involve on-
site visits and the use of additional equipment, including 
waveform injectors, tracing monitors, and dedicated processing 
units [25, 26]. However, the presence of non-homogeneity in 
the transmission circuit can pose challenges for these methods. 

Another category of fault location methods involves 
Machine Learning (ML) techniques [28-31]. These methods 
often rely on a large dataset composed of simulated or recorded 
test cases. The fault locator method in [28] utilizes the Pearson 
correlation coefficient to compare the measured voltage signals 
at the transmission system terminus against pre-existing 
manners. A similar approach is presented in [29], where the 
method checks the similarity of currents in the adopted DC 
breakers. To determine the fault location, a processing 
technique that involves weighted averaging with an approach 
based on kernel is employed. In [30], another fault locator 
method relies on neural networks and requires the high 
sampling rate of 5 MHz to capture traveling surges in currents. 
It is important to note that the non-homogeneity of the 
transmission system can add complexity when handling the 
required data for training in these methods. 

Another category of fault locators is based on time domain 
calculations. Some methods utilize the Bergeron model 
representation for fault location [32-34]. This approach 
involves calculating the voltage profile along the length of the 
transmission system utilizing locally recorded voltage and 
current signals at the two ends. In a similar vein, the method 
described in [35] relies on time domain calculations with an 
estimated model for the transmission circuit. It is important to 
note that these models and time domain equations will not be 
suitable for non-homogeneous transmission systems. 
Additionally, an effective fault locator should be capable of 
locating all categories of faults, encompassing both pole-to-
pole and pole-to-ground faults. Some methods in the literature 
are limited to locating ground faults only, relying on zero-mode 
components [21, 22]. The work in [31] is constrained to 
specific types of VSC converters. 

The main contribution of this paper revolves around a fault 
localization technique that addresses the non-homogeneity of 
VSC-HVDC transmission circuits. The fault locator technique 
is based on a novel approach for identifying faulted sections, 
which hinges on variations in voltage rate changes between 
power cables and overhead lines. This identification method is 
not contingent on the computation of fault distances. Notably, 

it obviates the necessity of installing extra sensors at the 
junction points between underground cables and overhead 
lines. This method offers accurate fault location capabilities for 
all fault types, including pole-to-ground and pole-to-pole faults, 
without the complexity of calculations or the requirement for 
exceptionally high sampling frequencies. 

II. THE PROPOSED FAULT LOCATION METHOD 

Figure 1 illustrates the diagram of a non-homogeneous 
VSC-HVDC transmission line (two-section circuit): the 
underground cable section on the left portion and the overhead 
line section on the right portion. The proposed method consists 
of two steps. First, the fault section is determined, which could 
be either the underground cable section or the overhead section. 
Second, the method accurately identifies the fault's exact 
location within the previously selected section. 
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Fig. 1.  The 1-mode voltage profiles calculated under different fault cases: 
(a) the fault is at the tie point among the underground cable and the overhead 
section, (b) the fault is within the underground cable section, (c) the faulty 
point is within the overhead section. 
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A. Fault Section Identification 

The proposed method involves calculating the profile of the 
1-mode voltage along the entire transmission circuit with 

reference to each terminal. The 1-mode voltage is determined 
at any distance x with respect to terminal S or terminal R using 
(1) and (2), respectively. 
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where ����, �� and ��!��, ��  represent the 1-mode voltage 
components calculated at distance � with reference to terminals ) and *, respectively. ���, ���, ��%, and ��% denote the 1-mode 
components of the measured electrical voltage and current 
readings at terminals ) and *, respectively. These signals are 
calculated as functions of the measured positive and negative 
signals as follows: 

�� = �
√	 ,�- − �./ , �� = �

√	 ,�- − �./   (3) 

where ��,  �� are the 1-mode voltage and current signals, while �- , �- , �. , and  �.  are the positive and negative voltage and 
current signals, respectively. 

The parameters ���  and  0�  stand for the 1-mode 
characteristic impedance and resistance per unit length of the 
underground cable, ���!  and 0�!  represent the corresponding 
values for the overhead line, and �1  and  �1!  signify the 1-
mode travel time duration along the underground cable and 
overhead line, respectively. The 1-mode parameters of the 
transmission circuit are calculated as follows:  

0� = 01 − 02 , 3� = 31 − 32, 4� = 45 + 242 (4) 

where 0�, 3�, and 4� are the 1-mode resistance, inductance, and 
capacitance of the transmission circuit, 01, 31, 02, and 32 are the 
self and mutual parameters, and 45 and 42  are the earth 
capacitance and the capacitance between poles, respectively. 

It is worth noting that these profiles are calculated without 
considering the non-homogeneity of the transmission circuit. 
Based on (1) and (2), the profile of the 1-mode voltage along 
the transmission circuit is calculated as follows: 

��7(�) = 
∑ 9
��,:�;<;
�:< :
�/>:, ��!? ��)= 

∑ 9
#��,:�;<;
�:< :
�/>:  (5) 

@���� = A��7��� − ��!? ��� A              (6) 

3B4! = � at the minimum of  {@����}           (7) 

where ��7(��, ��!? ��) represent the normalized values of the 1-
mode voltages at a particular point � throughout the post-fault 
period from �� to �	, where �� marks the moment when the 1-
mode voltage at the terminal point of the line decreases to a 
level lower than 0.9 per unit. ∆� stands for the sampling time 
step, while ∆� represents the difference between the calculated 
voltage profiles. 3B4! represents the initially determined fault 

location. It corresponds to the location at which @����  is 
minimized, as indicated in (7).   

The identification of the faulted section is based on the 
initially determined value of 3B4!. If 3B4! is equal to the cable's 
longitudinal extent, it indicates that the fault is at the tie point 
among the cable and the overhead line. On the other hand, if 3B4! is less than the cable's length, it indicates that the fault lies 
within the segment of the underground cable. Alternatively, if 3B4!is greater than the cable's length, it confirms that the fault is 
in the overhead line segment. 

For further clarity, the profiles of the voltage components 
corresponding to the 1-mode are illustrated under three fault 
scenarios in Figure 1. In Figure 1(a), when the fault takes place 
at the intersection point 'J', the intersection point between the 
calculated 1-mode voltage profiles corresponds to the junction 
point, where @���� is minimized. In such a case, 3B4!equals to 
the cable's length. In other cases, when the fault is within the 
cable segment, 3B4!is less than the cable's length, as illustrated 
in Figure 1(b). If the fault is within the overhead line section, 3B4!  is greater than the length of the cable, as illustrated in 
Figure 1(c). Figure 2 outlines the steps of the introduced 
approach for identifying the faulted section and locating the 
faulty point. 

B. Determining Fault Location 

After identifying which section is faulty, whether it is the 
cable or the overhead line segment, the fault location is 
determined. It is important to note that the initially determined 
value of 3B4! does not directly correspond to the fault distance, 
due to the non-homogeneity of the transmission system. 
Therefore, the profile of the 1-mode voltage needs to be 
updated beyond the junction point. As depicted in Figure 1, if 
the fault is within the underground cable segment, the profile of 
the 1-mode voltage must be updated along the cable segment 
utilizing the voltage and current signals at the junction point. 
Under such conditions, the overhead line section remains 
healthy. Thus, the voltage and current signals at the junction 
point can be straightforwardly computed based on the 
measured signals at the overhead end. Figure 1(b) illustrates 
how the 1-mode voltage profile is updated from the junction 
point towards the cable section. The fault distance is then 
estimated based on the intersection with the updated profile 
along the cable section. 
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Fig. 2.  The introduced fault location approach. 

Similarly, if the fault is within the overhead line segment, 
as illustrated in Figure 1(c), the profile of the 1-mode voltage 
needs to be updated along the overhead line section using the 
voltage and current signals at the junction point. Under these 
conditions, the cable section is considered healthy. Thus, the 
voltage and current signals at the junction point are directly 
estimated utilizing the measured signals at the cable end. 
Figure 1(c) illustrates how the 1-mode voltage profile is 
updated from the junction point towards the overhead line 
section. The fault distance is then obtained based on the 
intersection with the updated profile along the overhead 
segment. To obtain the updated profile of the 1-mode voltage 
component along any of the sections, it is necessary to 
calculate the voltage and current signals at the junction point. 
The voltage at the junction point is calculated in the same 
manner as in (1) or (2). The current at the junction point is 
calculated by (8). 
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It is important to note that data windows of the measured 
signals need to be stored to perform the proposed calculations. 
In Figure 3(a), we can see the data windows of the recorded 
voltage and current readings at the ends of the transmission 
circuit. Figure 3(b) illustrates the necessary size of the data 
windows required for performing the proposed calculations. 

As shown, to obtain the voltage profile calculated during 
the postfault duration from t1 to t2, the required size of the data 
window to be stored is �	 − �� + 4�. This process is performed 
for each distance along the transmission circuit. 
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Fig. 3.  Samples of the recorded voltage and current readings: (a) the data 
windows of the measured signals, (b) the required window size of the 
recorded readings and the corresponding window of the calculated samples of 
the voltage profile during post fault. 

III. TEST SYSTEM DETAILS 

Figure 4(a) displays a diagram depicting the simulated 
system with a single line used to validate the introduced fault-
locator approach. This system stands as an illustration of the 
integration of an offshore wind farm with the grid via a non-
homogeneous HVDC link. The simulated wind farm is a 450 
MW DFIG (Doubly-Fed Induction Generator) type. The 
converters are simulated using their average dynamic models 
with the assistance of the PSCAD program. A non-
homogeneous VSC-HVDC ±320 kV transmission circuit is 
simulated, and the underground cable and the overhead line 
configurations are presented in Figure 4(b). Details of the 
simulated MMC (Modular Multilevel Converter) units can be 
found in Table I. The HVDC voltage level is controlled by the 
converter on the onshore grid side, while the other converter on 
the offshore side is responsible for controlling the AC offshore 
voltage at the wind farm. Referring to the transmission circuit 
in Figure 4(a), each section, including the underground cable 
and the overhead line, has a length of 200 km. Various fault 
cases are simulated at different points, including the tie point 
among the underground cable and the overhead segments, 
within the cable section, and within the overhead line section, 
to investigate the proposed fault location approach. The 
sampling frequency utilized for capturing the measured signals 
is 50 kHz. 

TABLE I.  MMC PARAMETERS [11] 

Parameter value 

The count of equivalent sub-modules per arm 76 
Sub-module capacitance (µF) 3000 

Arm inductance (mH) 50 
Resistance due to capacitor leakage (MΩ)  10 

Power (MW) 450 
DC Voltage (kV) ±320 
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Fig. 4.   (a) The simulated VSC-HVDC transmission circuit for integrating 
offshore wind farm to the grid, (b) the configuration of the underground cable 
and overhead line. 

IV. VALIDATION RESULTS 

A. Fault at the Junction Point 

To investigate the introduced location approach, a pole-to-
pole fault is simulated at F2 at the junction point, which is 200 
km away from both ends of the transmission circuit. The 
calculated profile of the 1-mode voltages along the entire 
transmission line is illustrated in Figure 5(a). 

 

(a) 

 

(b) 

 

Fig. 5.  Obtained results with the fault at the junction point at F2. (a) The 
calculated profile of the 1-mode voltage along the non-homogenous 
transmission circuit, (b) the profile of the difference among the calculated 1- 
mode profiles along the adopted non-homogenous circuit. 

 

As shown, the intersection between both profiles occurs at a 
distance of 200 km, which corresponds to the fault distance. In 
Figure 5(b), the difference between the calculated profiles of 
the 1-mode voltages, computed with (4), is illustrated. As 
shown in Figure 5(b), the minimum value of the difference is 
found at the distance of 200 km, confirming it as the fault 
location point. This indicates that 3B4! equals to 200 km, 
precisely at the junction point. 

 

(a) 

 

(b) 

 

Fig. 6.  Obtained results with the fault within the underground cable 
segment at 100 km from the terminus at F1. (a) The calculated profile of 1-
mode voltage along the non-homogenous transmission circuit from both ends 
along with the updated profile along the cable section, (b) the profile of the 
difference among the calculated 1- mode profiles with and without updating. 

B. Fault within the Underground Cable Section 

Another fault case is simulated within the underground 
cable section, specifically 100 km from the transmission line 
terminus at F1. According to the introduced approach, the 3B4! 
value is determined first. As seen from the obtained results in 
Figure 6, the difference between the calculated 1-mode voltage 
profiles corresponds to a location of 103 km, which is shorter 
than the cable segment length. Following the introduced 
approach, this indicates that the fault is within the cable 
section. Subsequently, the precise fault distance is determined 
by updating the 1-mode voltage profile along the underground 
cable section. Figure 6(a) displays the updated ��!? ��� , and 
Figure 6(b) shows the difference between the 1-mode profiles 
after the update. It is evident that the minimum value 
accurately corresponds to the exact location, which is 100 km. 

C. Fault within the Overhead Line Section 

Another fault case is simulated within the overhead line 
section, specifically at a location 300 km from the transmission 
line terminus at F3. Following the introduced approach, the 
value of 3B4! is first determined. 
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(a) 

 

(b) 

 

Fig. 7.  Obtained results with the fault within the overhead segment at 300 
km from the terminus at F3. (a) The calculated profile of 1-mode voltage 
along the non-homogenous transmission circuit from both ends along with the 
updated profile along the cable section, (b) the profile of the difference among 
the calculated 1- mode profiles with and without updating. 

As demonstrated by the results in Figure 7, the difference 
between the calculated 1-mode voltage profiles corresponds to 
a location of 288 km, which exceeds the cable segment length. 
According to the introduced approach, this signifies that the 
fault is within the overhead segment. Subsequently, the precise 
fault distance is determined by updating the 1-mode voltage 
profile along the overhead line section. Figure 7(a) displays the 
updated ��7���, while Figure 7(b) shows the difference between 
the 1-mode profiles after the update. It is evident that the 
minimum value accurately corresponds to the exact location, 
which is 300 km. 

D. Performance under Different Distances with Various Fault 
Categories 

Different fault types, including pole-to-ground and pole-to-
pole faults, were tested at diverse fault distances. In each case, 
the error in the determined fault distance is computed utilizing 
the following criterion. Table II depicts the obtained results 
with the tested cases.   

Q00B0% = |TUVWXYVZ[ \]^YVW]_ `Ya\V \]^YVW]_|
b]VY\ VcY_UXWUUW]_ ^Wc^aWV \Z_dVe ∗ 100  (9) 

E. Performance under Different Fault Resistances 

The introduced fault locator approach is examined under 
various fault resistance values. Pole-to-pole faults are 
investigated at three locations: 100, 200, and 300 km, with 
varying fault resistance values of 10, 50, and 200 Ω. Figure 8 
illustrates the calculated 1-mode profiles using the introduced 
approach under various fault resistances. 

Figure 8(a) displays the results for the fault at 100 km under 
three different fault resistance values: 10, 50, and 200 Ω. As 
shown in the results, the intersection point accurately 

corresponds to the correct fault location, which is 100 km, 
regardless of the different fault resistance values. 

TABLE II.  ESTIMATED FAULT LOCATION BY THE 
INTRODUCED APPROACH UNDER VARIOUS FAULT 

CATEGORIES AND VARIOUS DISTANCES 

Fault type 
Fault location 

(km) 

Estimated 

location (km) 
Error % 

PG 10 10.3 0.075 
PG 60 59.4 0.15 
PG 130 128.5 0.375 
PG 180 181.1 0.275 
PG 210 210.5 0.125 
PG 270 268.9 0.275 
PG 330 331.2 0.3 
PG 390 389 0.25 
PP 10 9.8 0.05 
PP 60 59 0.25 
PP 130 129 0.25 
PP 180 180.5 0.125 
PP 210 211 0.25 
PP 270 271.7 0.425 
PP 330 331 0.25 
PP 390 392 0.5 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 8.  Obtained results under different fault resistances: Fault at (a) 100 
km, (b) 200 km, and (c) 300 km with fault resistances of 10, 50, and 200 Ω. 

This demonstrates a notable benefit of the proposed 
method, as it remains unaffected by changes in fault resistance. 
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Similar results are observed for tests conducted at different 
locations, as depicted in Figures 8(b)-(c), which show the 
results for faults occurring at 200 km and 300 km, respectively. 
It is important to note that the line styles are altered in the 
Figure to distinguish between the calculated 1-mode voltage 
profile and the updated profile before and beyond the junction 
point. In Figures 8(a) and 8(c), solid lines represent the 
calculated 1-mode voltages, while dashed lines represent the 
updated voltage profile beyond the junction point. To 
investigate the error percentage in the obtained locations under 
different resistances, Table III presents the error percentage 
calculated according to (9) under the tested cases. 

TABLE III.  ESTIMATED FAULT LOCATION BY THE 
INTRODUCED APPROACH UNDER VARIOUS FAULT 

RESISTANCES 

Fault type 
Fault 

distance (km) 

Fault resistance 

(Ω) 
Error % 

PG 100 5 0.15 
PG 100 75 0.09 
PG 100 150 0.34 
PG 100 250 0.28 
PG 200 5 0.25 
PG 200 75 0.18 
PG 200 150 0.30 
PG 200 250 0.21 
PG 300 5 0.15 
PG 300 75 0.32 
PG 300 150 0.27 
PG 300 250 0.23 
PP 100 5 0.07 
PP 100 75 0.11 
PP 100 150 0.21 
PP 100 250 0.24 
PP 200 5 0.18 
PP 200 75 0.16 
PP 200 150 0.09 
PP 200 250 0.31 
PP 300 5 0.09 
PP 300 75 0.14 
PP 300 150 0.31 
PP 300 250 0.50 

 

 
Fig. 9.  Obtained results under fault at 200 km with unsynchronized data 
by 0.1 ms and 0.2 ms. 

F. Performance under Unsynchronized Samples at Terminals  

The proposed method relies on performing calculations 
using the recorded signals at the terminals of the transmission 
circuit. It is essential to test the performance of the introduced 
approach under unsynchronized samples. Considering the test 
system mentioned above, a pole-to-pole fault case is simulated 

at 200 km. The calculations of ��7��� are performed with the 
data recorded at one of the terminals, while the calculations of ��!? ��� are performed with unsynchronized measured signals.  

Figure 9 presents the results of the 1-mode voltage profile 
under three conditions: synchronized, unsynchronized by 0.1 
ms, and unsynchronized by 0.2 ms. As shown in the Figure, the 
performance is not affected, as the intersection still accurately 
indicates the fault location, which is 200 km. This demonstrates 
a significant advantage of the introduced approach. 

V. CONCLUSIONS 

A fault locator method for non-homogeneous VSC-HVDC 
transmission circuits is presented in this paper. The method is 
based on time-domain calculations using signals measured at 
the terminals. First, the faulted section is identified, either the 
underground cable or the overhead line. This identification is 
performed using a proposed criterion based on the comparison 
of the 1-mode voltage profiles without considering the non-
homogeneity of the transmission circuit. Then, the fault locator 
approach is estimated within the selected section by updating 
the calculated voltage profile beyond the faulted section. To 
validate the introduced approach, a non-homogeneous VSC-
HVDC transmission system is simulated as a part of integrating 
an offshore wind farm with the grid. The results confirm the 
effectiveness of the introduced approach under different fault 
types, including pole-to-pole and pole-to-ground faults, with a 
maximum error of 0.5%. Additionally, the approach is tested 
with changing fault resistance values, even as high as 250 Ω, 
with errors not exceeding 0.5%. Furthermore, the proposed 
method is evaluated under synchronization misalignment by 
0.1 ms and 0.2 ms, and it is found that its performance remains 
unaffected. The proposed fault locator is distinguished by its 
lack of need and for an additional sensor to be installed at the 
junction point. Furthermore, there is no requirement to visit the 
site, use extra equipment, or process big data. 
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