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A B S T R A C T

This paper presents the development of a novel data-driven fault detection and classification scheme for DC
faults in multi-terminal HVDC transmission system which incorporates superconducting cables and modular
multi-level converters. As the deployment of superconducting cables for bulk power transmission from remote
renewable generation is progressively increasing in the future energy grids, many fault-related challenges have
been raised (i.e., fault detection, protection sensitivity/stability). In this context, the applications of Artificial
Intelligence techniques have started to be considered as a powerful tool for the development of robust fault
management solutions. The proposed artificial intelligence-based method utilizes local current and voltage
measurements to detect and classify all types of faults on the DC cables and DC buses, without the requirement
of measurements exchange among different DC substations. The performance of the proposed scheme has been
assessed through detailed transient simulation analysis and the results confirmed its effectiveness against a
wide range of fault conditions (i.e., various fault types, fault locations and fault resistances). Furthermore, the
feasibility of the developed scheme for real-time implementation has been validated using real-time software in
the loop testing. The results revealed that the proposed algorithm can correctly, and within a very short period
of time (i.e. less than 2 ms) detect and classify the faults within the protected zone and concurrently remain
stable during external faults. Additionally, the generalization capability of the algorithm has been verified
against influencing factors such as the addition of noise, highlighting the robustness of the presented scheme.
1. Introduction

The accelerated uptake of Renewable Energy Source (RES)-based
technologies (i.e, wind farms (WFs) and PV systems) coupled with the
continuous and rapid growth of the global electricity demand and the
ageing of the existing system’s infrastructure have a great impact on
the power system operation and resiliency. Therefore, the development
of bulk power corridors for connecting RES and providing electric
power sharing over long distances, is rendered imperative to address
the congestion challenges and ensure the security of supply. On that
front, the Modular Multilevel Converter (MMC)-based High-Voltage
Direct Current (HVDC) transmission technology has started to receive
increasing attention in the energy sector [1].

Multi-terminal HVDC systems, as a natural extension of the existing
point-to-point HVDC grids, satisfy all the requirements for enabling
the target of energy connectivity without borders. However, a key
challenge for the realization of meshed HVDC systems is the detection

∗ Corresponding author.
E-mail address: eleni.tsotsopoulou.2018@uni.strath.ac.uk (E. Tsotsopoulou).

and clearance of the DC-side faults due to the rapid rise of the DC fault
currents and the absence of natural current zero-crossing [2,3]. In this
context, the fault clearance process of the DC-side faults requires very
fast and discriminative protection schemes which detect and isolate
the fault within the range of 5 ms [4,5]. Furthermore, as the transient
performance of the Superconducting Cables (SCs) is dominated by the
quenching phenomenon and the electro-thermal properties of the High
Temperature Superconducting (HTS) tapes [6], their installation within
the meshed HVDC systems introduces new variables to the system’s
operation (i.e., variable impedance, reduced fault current magnitudes
etc.) and leads to many fault management challenges, accounting for
the fault detection/isolation and protection sensitivity/stability. There-
fore, it is realized that for the secure and reliable operation of the
meshed HVDC grids with DC SCs the development of advanced pro-
tection solutions complied with the DC protection requirements, is
vital.
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During the last few years, as the technology of superconducting
applications progresses, many initiatives exploited the unique features
of the DC SCs (i.e., high efficiency, low losses and compact size [7])
and promoted the deployment of such cables in HVDC grids for the
bulk power transfer (notably from offshore WFs) [8]. The first DC SC
for industrial application was accomplished by the Chinese Academy of
Science in 2012 by designing a 1.3 kV/10 kA unipolar cable with length
360 m [9]. To date, there are three landmark demonstration projects
of DC SCs. In particular, the EU-funded Best Paths project, which
investigates and validates the operation of a 30 m, 320 kV/3.2 GW
HVDC link for real-grid conditions with the developed technology to
approach the commercial deployment [10]. The Ishikari project, Japan,
which demonstrates the deployment of 500 m and 1000 m DC SCs for
the interconnection between a large scale PV cell with an Internet
data center to provide DC power supply [11] and the St. Petersburg
project which deploys the installation of a 2.5 km length DC SC at
20 kV operating temperature [12]. Furthermore, many researchers
have started to investigate the technical feasibility and the associated
challenges of the meshed HVDC grids with SCs. Specifically, authors
in [13] addressed the power flow and transient stability issues of multi-
terminal HVDC systems with Voltage Source Converters (VSCs) and
SCs, while a feedback current control scheme to regulate the power
distribution in a meshed HVDC systems with SCs and Line Commutated
Converters (LCCs) was developed in [14]. A detailed fault current
characterization of meshed HVDC system with MMCs and DC SCs is
presented in [15]. The conducted simulation-based analysis evaluated
the impact of the SC fault current limiting capability on the DC fault
current magnitudes, highlighting the potential of higher flexibility in
terms of protection operation time. All the existing studies carried out
series of tests on prototype SCs or simulations-based analysis in order
to assess the steady-state/transient performance and the mechanical
suitability of the DC SCs or to validate the cable design process and
the operation of the cryogenic refrigeration system. However, there
is no reported research, discussions or proposed strategies for the
fault management of DC SCs (i.e., fault detection, location, protection
coordination), presenting barriers to the widespread adoption of such
cable technology in large-scale HVDC applications.

Driven by this research gap, this paper proposes a novel data-driven
centralized protection scheme (on the substation level) for discrimina-
tive fault detection and isolation in multi-terminal HVDC systems with
DC SCs and conventional DC cables. The developed protection strategy
exploits the potential of the latest advancements in Artificial Intelli-
gence (AI) classifiers, is suitable for HVDC substation, and presents the
capability of classifying/detecting faults occurring to all the elements
collected to it (i.e., buses, SCs and conventional feeders).

The principal contribution of the presented work is laid out there-
after:

• Detailed fault analysis assessment of DC SCs to reveal the pro-
tection challenges caused by their deployment in meshed HVDC
systems.

• Evaluation of existing HVDC protection scheme performance for
the adequate fault detection on SCs in meshed HVDC systems.

• Development of a novel data-driven protection scheme, for rapid
and discriminative fault detection and classification in meshed
HVDC system with SCs. The proposed scheme adopts centralized
protection philosophy (on the substation level) and is designed
to detect and classify faults in HVDC substations accounting for
bus faults and faults applied on SCs or conventional feeders. The
proposed algorithm is considered a suitable solution for meshed
HVDC systems with SCs as it presents robust performance under
the influence of different fault conditions and stability against
noisy measurements. Furthermore, it is applicable for real-time
implementation as its performance has been validated through
2

real-time Software-In-the-Loop (SIL) testing.
Table 1
System specifications.

Parameter Symbol Value

AC onshore voltage 𝑉𝐴𝐶𝑂𝑁 400 kV
AC offshore voltage 𝑉𝐴𝐶𝑂𝐹 66 kV
Rated current of CC and SC1 𝐼𝑟𝑎𝑡𝑒𝑑 2 kA
Rated current of SC2 𝐼𝑟𝑎𝑡𝑒𝑑 2.2 kA
DC voltage 𝑉𝐷𝐶 200 kV
DC inductor for SC1 𝐿𝐷𝐶 140 mH
DC inductor for SC2 𝐿𝐷𝐶 145 mH
MMC arm inductor 𝐿𝑎𝑟𝑚 0.1 p.u.
Cells per arm 𝐶𝑆𝑀 400
Conventional cable resistance 𝑅𝐶𝑎𝑏𝑙𝑒 0.0146 Ω∕km
Conventional cable inductance 𝐿𝐶𝑎𝑏𝑙𝑒 0.158 mH∕km
Conventional cable capacitance 𝐶𝐶𝑎𝑏𝑙𝑒 0.275 μF∕km

2. Topology of multi-terminal HVDC system with DC SCs and
conventional cable

2.1. System under test

Fig. 1 presents the overall topology of the three-terminal HVDC grid
model developed in Matlab/Simulink. The system architecture is based
on the concept proposed in [3] and considers the power transmission
from a 66 kV AC offshore WF to 400 kV onshore AC grid, through

C SCs. The system is developed by adopting a symmetric monopole
onfiguration and consists of three MMCs operating at ±200 kV and

current-limiting inductors connected at each cable end.
MMC3 operates in grid-forming control mode for the integration of

the power delivered by the WF. MMC1 is utilized for the DC voltage
control of the HVDC meshed network, while the MMC2 controls the
active 𝑃 and reactive 𝑄 power exchange with the onshore AC grid 1.
pecifically, 0.4 GW of offshore power is transmitted to onshore AC
rid 1. Two bipolar DC SCs have been integrated within the system
o connect the Bus 3 with Bus 1 and Bus 2, respectively. The length of
C1 and SC2 is 100 km and 120 km, respectively and are utilized for the
ulk offshore power transmission with approximately zero losses. For
he fabrication of such long DC SCs, joints are utilized to connect HTS
apes and provide electrical continuity [15–17]. The electro-thermal
odelling process of the SCs will be analysed in Section 2.2. It is worthy

f note that the detailed modelling of SC joints is beyond the scope of
he presented work.

Bus 1 and Bus 2 are connected through a DC Conventional Cable
CC) developed according to the distributed parameters model [18].
ll cables sheaths are solidly bonded. The specifications of the AC and
C side of the system are demonstrated in Table 1.

.2. Modelling of DC SCs

This section presents the mathematical formulation of coupled
lectro-thermal modelling of the coaxial DC SC illustrated in Fig. 2.
he configuration of the developed cable consists of two concentric
oles, the positive and negative pole [19]. The current passing through
he negative pole is nearly identical to the current flowing through the
ositive pole, but with opposite direction. Each pole is composed of one
ayer of HTS tapes, which have been modelled as coated conductors,
nd a copper stabilizer layer which is utilized as an alternative current
ath during quenching to provide electrical and thermal support to
TS layers. The structure of the employed HTS tapes has been based
n the specifications proposed by SuperPower [20] and the detailed
odelling has been presented in [21]. The detailed modelling of HTS

apes has been presented by authors in the work conducted in [21].
he number of HTS tapes has been selected considering the derating
actor, given by (1), which expresses the ratio between the operating
urrent at superconducting state, 𝐼𝑜𝑝, and the critical current, 𝐼𝐶 , of
TS tapes [22–24]:

𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐼𝑜𝑝 = 80% (1)

𝐼𝐶
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Fig. 1. HVDC network model incorporating SCs and CC.
Fig. 2. Schematic illustration of coaxial DC SC.

The Yttrium Barium Copper Oxide (YBCO) second generation (2𝐺)
superconducting material has been adopted for the modelling of HTS
tapes. An electrical insulation layer, made of Polypropylene Laminated
Paper (PPLP), is placed between the positive and negative poles. The
thickness of dielectric material has been chosen in accordance with
the voltage level of DC grid. For the cooling of the DC SC, liquid
nitrogen (𝐿N2) has been selected as a coolant to sustain a constant
temperature within the range of 65–70 K. All layers are contained
within a cryostat which provides thermal insulation. For simplification
of the electromagnetic performance of SC, the current distribution
between HTS tapes and the current density, 𝐽 , distribution among each
tape have been considered uniform [22]. The parameters of HTS tape
and the geometrical characteristic of the developed SCs are summarized
in Table 2.

The superconducting state of SCs is defined by three interdependent
critical boundaries accounting for the critical temperature, 𝑇𝐶 , criti-
cal current density, 𝐽𝐶 , and critical magnetic field, 𝐻𝐶 . The critical
margins are dependent on the design of SC and the system operating
conditions. HTS tapes and consequently SC, lose their superconducting
properties and transit to non-superconducting state, known as normal
highly-resistive state, if any of the critical boundaries is exceeded. The
transition from superconducting state to normal highly resistive state
3

Table 2
Parameters of HTS tape and geometrical characteristics of SC.

Parameter Symbol Value

Tape width 𝑤𝑡 4 mm
Tape length of SC1/SC2 𝑙𝑡 100/120 km
Tape critical current of SC1/SC2 𝐼𝐶 140/120 A
Tape critical temperature 𝑇𝐶 92 K
Thickness of YBCO 𝑡𝑌 𝐵𝐶𝑂 1 μm
Thickness of copper stabilizer 𝑡ℎ𝐶𝑢 40 μm
Thickness of substrate 𝑡ℎ𝑠𝑢𝑏 60 μm
Radius of HTS conducting layer and copper
of SC1/SC2

𝑟𝐻𝑇𝑆𝑐+𝑐𝑜𝑝𝑝𝑒𝑟 15.14/17.50 mm

Radius of electric insulation of SC1/SC2 𝑟𝑖𝑛𝑠 27.14/29.50 mm
Radius of HTS shield layer and copper of
SC1/SC2

𝑟𝐻𝑇𝑆𝑠+𝑐𝑜𝑝𝑝𝑒𝑟 27.28/29.64 mm

Radius of outer wall of SC1/SC2 𝑟𝑜𝑢𝑡 110.23/111.34 mm
Density of YBCO 𝑑𝑌 𝐵𝐶𝑂 5900 kg∕m3

Density of stainless steel 𝑑𝑠𝑡𝑒𝑒𝑙 7500 kg∕m3

Density of copper 𝑑𝐶𝑢 8940 kg∕m3

Density of PPLP 𝑑𝑃𝑃𝐿𝑃 0.9 kg∕m3

Specific heat of Cu 𝑐𝐶𝑢 185 J∕kg K
Specific heat of Steel 𝑐𝑝𝑠𝑡𝑒𝑒𝑙 185 J∕kg K
Specific heat of PPLP 𝑐𝑝𝑃𝑃𝐿𝑃 1930 J∕kg K

can be described by the 𝐸 − 𝐽 power law and the resistivity, 𝜌𝑌 𝐵𝐶𝑂, of
the superconducting material is given by (2):

𝜌𝑌 𝐵𝐶𝑂 =
𝐸𝐶

𝐽𝐶 (𝑇 )
⋅
(

𝐽
𝐽𝐶 (𝑇 )

)𝑛−1
(2)

where 𝐸𝐶 = 1 μV∕cm refers to the critical electric field, 𝐽 denotes the
operating current density, 𝑛 is a factor which defines the sharpness
of the transition to highly resistive state, 𝐽𝐶 is the critical current
density and is calculated as a function of the temperature, 𝑇 , according
to [15,25].

When SC operates at superconducting state, 𝐽 is below 𝐽𝐶 , 𝑇 is
below 𝑇𝐶 and 𝜌𝑌 𝐵𝐶𝑂 = 0. During transient conditions, when the current
flowing through SC increases, 𝐽 exceeds the value of 𝐽𝐶 , leading to
the quenching initiation. Under these conditions, 𝜌𝑌 𝐵𝐶𝑂 presents a
non-linear increase according to (2) and SC enters to flux-flow state.
The rapid increase in 𝜌𝑌 𝐵𝐶𝑂 and accordingly in resistance of YBCO
layer, 𝑅𝑌 𝐵𝐶𝑂, of HTS tapes leads to heat generation and consequently
results in the rise of SC 𝑇 . Once 𝑇 of SC surpasses the value of
𝑇𝐶 , SC reaches the normal highly resistive state and the operating
current is redistributed towards the copper stabilizer layers and former
which present lower resistance. The resistivity, 𝜌Cu, of copper stabilizer
layers and 𝜌𝑠𝑡𝑒𝑒𝑙 of former are given as functions of 𝑇 by (3) and (4),
respectively [15]:

𝜌Cu = (0.0084 ⋅ 𝑇 − 0.4603) ⋅ 10−8, 250 K > 𝑇 ≥ 70 K (3)
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𝜌𝑠𝑡𝑒𝑒𝑙 = 1.193 ⋅ 10−6 − 7.529 ⋅ 10−7 exp(−𝑇 ∕647.113) (4)

The equivalent resistance of SC, 𝑅𝑒𝑞 , changes with respect to the
perating state of HTS tapes. At superconducting state, SC presents
erfect conductivity and 𝑅𝑒𝑞 is approximately zero. Once quenching is
riggered, the current is shared among the HTS layer, copper stabilizer
ayers and former which have been modelled as parallel resistors. In the
resented work, for modelling purposes 𝑅𝑒𝑞 of SC has been considered
s the equivalent resistance of the parallel connected 𝑅𝑌 𝐵𝐶𝑂, 𝑅Cu and
𝑓𝑜𝑟𝑚𝑒𝑟, respectively [15,21]. The value of 𝑅𝑒𝑞 has been calculated as
iecewise function of 𝑇 similarly to [15,25].

Considering the electro-thermal coupled modelling of SC, the sud-
en loss of the superconducting behaviour during quenching is trans-
ated into Joule heat generation by the superconductor. Assuming that
here is no heat transfer with the external environment, part of the
enerated Joule heat leads to the increase of 𝑇 and the rest is absorbed
y the 𝐿N2 cooling system. By adopting the law of conservation of
nergy, the net power of the SC is calculated by (5):

(𝑡)𝑆𝐶 = 𝑃 (𝑡)𝑑𝑖𝑠𝑠 − 𝑃 (𝑡)𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (5)

here 𝑃 (𝑡)𝑑𝑖𝑠𝑠 is the Joule heating generated by the SC, due to the
ariations in 𝑅𝑒𝑞 during quenching, and 𝑃 (𝑡)𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is the cooling power

removed by 𝐿N2 refrigeration system. The analytical equations of
𝑃 (𝑡)𝑑𝑖𝑠𝑠 and 𝑃 (𝑡)𝑐𝑜𝑜𝑙𝑖𝑛𝑔 are given in [15,26].

Eventually, the increase in 𝑇 of SC can be calculated through (6):

(𝑡) = 𝑇𝑡−1 +
1

𝐶𝑝𝑆𝐶
⋅ ∫

𝑡

0
𝑃 (𝑡)𝑆𝐶 𝑑𝑡 (6)

where 𝐶𝑝𝑆𝐶 J∕K denotes the total heat capacity of the superconductor
and is calculated as a function of the specific heat and mass (𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ⋅
𝑉 𝑜𝑙𝑢𝑚𝑒) of the material of each SC layer. The specific heat and density
of each material are given in Table 2.

Furthermore, the presented modelling approach considers the mag-
netic coupling caused by the geometry of SC. The final values of the
capacitance, 𝐶, and inductance, 𝐿, (per-unit length values) of SC1 and
SC2 have been calculated utilizing the general formulation proposed
in [27] and considering frequency of 10−3 Hz [4]. In particular, the final
values are obtained based on the full 4 × 4 impedance and admittance
matrices which consider the mutual coupling between the HTS shield
and HTS conducting layers.

The electro-thermal characteristics of the SCs have been modelled
in Matlab/Simulink following the procedure proposed by some of the
authors in [25]. Specifically, the electro-thermal modelling of the SCs
can be formulated by combining (2) to (6) based on which the flowing
current through the SC is translated into Joule heat generation and con-
sequently the temperature variations are translated into the changes in
the resistivity of the different layers. During the simulation process, the
temperature, the resistance of each layer and the current distribution
among the layers are calculated in each simulation time step.

3. Fault characterization of SCs

Prior to the development of the proposed protection scheme, the
characterization of the SCs behaviour during transient conditions is of
paramount importance. The fault analysis of SCs plays a vital role in
preserving power system safety and reliability. Therefore, the ultimate
goal of this section is to acquire a deeper understanding of DC SCs
quenching and consequently to quantify the challenges from power
systems protection perspective.

For this purpose a series of different fault scenarios have been in-
vestigated by conducting Electro-Magnetic Transient (EMT) simulation
studies and utilizing the system depicted in Fig. 1. The fault scenarios
include Pole-to-Pole (PP), positive Pole-to-Ground (PG) and negative
Pole-to-Ground (NG) faults (incorporating various fault positions along
the SCs and CC and different values of fault resistance) and faults
4

applied at buses. The simulation results of four representative fault
Table 3
Representative fault scenarios.

Scenario Fault type Fault location Fault resistance

𝐹1 PP 20% of SC1 length (internal) 0 Ω
𝐹2 PP 99% of SC1 length (internal) 300 Ω
𝐹3 PP 0.1% of CC length (external) 0 Ω
𝐹4 PP Bus 3 (external) 0 Ω

scenarios are presented in the following subsections. The selected sce-
narios aim to analyse the performance of SCs during the quenching
phenomenon, the impact of the fault resistance on the quenching
process and the effect of external faults, applied at CC and buses, which
lead to quenching of the SCs. Table 3 summarizes the presented fault
scenarios which include a PP internal solid fault applied at SC1 (𝐹1), a
PP highly-resistive internal fault applied at remote end of SC1 (𝐹2), a
PP external solid fault at CC (𝐹3) and a PP external solid fault occurring
at Bus 3 (𝐹4). During all the scenarios the faults have been applied at
= 5 ms and are permanent. Furthermore, it should be noted that for
ach scenario 𝑅𝑒𝑞 of each SC and the total current flowing through SC

are presented, as they are key factors which affect the fault detection
and classification process. The investigation of the resistance change
along with current variations in each layers of SC is beyond the scope
of the presented work.

3.1. Scenario 𝐹1

Fig. 3 demonstrates the response of SC1, SC2 and CC under the
influence of a PP solid fault applied at 20% of the SC1 length (i.e., 20 km
rom Bus 3). Fig. 3a shows the DC currents flowing through the
C1, SC2 and CC. During steady state conditions, the current flowing
hrough SC2 is approximately 2 kA, while the current flowing through
C1 and CC is approximately 0 A. These simulation results show
hat during normal operation the offshore wind power (0.4 GW) is
ransmitted to onshore AC grid 1 (depicted in Fig. 1) through SC2.
he fault occurred at 𝑡 = 5 ms, 0.15 ms after the fault occurrence,
C1, which is the faulted one, starts to quench and the peak of the
ault current is 8.96 kA. During the quenching process, 𝑅𝑒𝑞 of SC1
ncreases, (i.e., refer to Fig. 3c), and the maximum value reached is
pproximately 120 Ω. The rapid increase in 𝑅𝑒𝑞 leads to generation
f Joule heat and consequently causes an abrupt increase in 𝑇 of SC1
Fig. 3d). The SC1 operates at highly-resistive state, causing a reduction
o the DC fault current which is sustained to approximately 7 kA. The
ole-to-pole voltage of SC1 is depicted in Fig. 3b, and is depressed to
0 kV, when quenching is initiated, and increases up to 60 kV with the
eduction of the DC fault current. The current infeed from SC2 and CC
re demonstrated in Fig. 3a and the rate of current rise is limited due
o the inductive terminations. It should be noted that the solid fault
pplied on SC1 does not cause the quenching of SC2 and consequently

and 𝑅𝑒𝑞 of SC2 are sustained to 70 K (Fig. 3d) and 0 Ω (Fig. 3c),
espectively.

Considering the results from this scenario, it is evident that the
roper design of the HTS tapes can provide fault current limiting
unctionality to the SCs which leads to the suppression of the fault
urrent during the fault period. Therefore, the deployment of DC SCs in
VDC systems leads to the reduction of the fault current magnitudes,
liminating the stress across the CBs.

.2. Scenario 𝐹2

Fig. 4 presents the transient performance of SC1, SC2 and CC during
highly-resistive (fault resistance, 𝑅𝑓 = 300 Ω,) PP, fault applied at

9% of the SC1 length (99 km from Bus 3). Fig. 4a shows the DC fault
urrents of SC1, SC2 and CC. It is evident that SC1 does not quench
uring this fault scenario as the fault current flowing through HTS
apes is predominantly limited by 𝑅 and therefore does not exceed the
𝑓
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𝐹

value of 𝐼𝐶 . Specifically, during normal conditions the current flowing
though SC1 is approximately 0 A, as the offshore power is transmitted
to onshore AC grid 1 through SC2. Once the fault occurred, the peak
current of SC1 is approximately 250 A, the voltage is slightly reduced
o 198 kV (Fig. 4b) and as observed in Fig. 4c and d, SC1 continues to
perate at superconducting state with 𝑅𝑒𝑞 being 0 Ω and 𝑇 70 K.

Furthermore, SC2 maintains the superconducting properties during
he fault period, operating as a zero resistance path (Fig. 4c) at 70 K
Fig. 4d). The voltage of CC presents a slight reduction to 197 kV, 2 ms
fter the fault occurrence (Fig. 4b). This voltage dip can be explained
y the fact that the investigated fault is applied close to CC connection
oint (1 km from Bus 1).

This scenario provides a deeper insight on the influence of 𝑅𝑓 on
he quenching process. In particular, during highly-resistive faults, fault
urrent is predominantly reduced by the 𝑅𝑓 and the quenching process
s jeopardized. As the quenching depends on the magnitude of the fault
urrent, the influence of high 𝑅𝑓 values introduces a challenge for the
etection of highly-resistive faults.

.3. Scenarios 𝐹3 and 𝐹4

The performance of SC1, SC2 and CC has also been investigated
gainst a solid PP fault applied at 0.1% of CC length (0.06 km from
us 1). During normal conditions the current flows mainly through
C2 which transmits offshore wind power to AC grid 1. Once the
ault occurs, the current flowing through SC1 reaches a peak of 5 kA
Fig. 5a), the voltage of SC1 is reduced to 50 kV (Fig. 5b), 𝑅𝑒𝑞 reaches
he value of 130 Ω (Fig. 5c) and 𝑇 rises up to 190 K (Fig. 5d). Therefore,
t can be observed that the occurrence of a solid fault at CC leads
o quenching of SC1. As depicted in Fig. 5a, 15 ms after the fault
ccurrence, the fault current flowing through SC1 is reduced due to the
brupt increase in 𝑅𝑒𝑞 . However, the value of 𝑅𝑒𝑞 and 𝑇 are retained
o 130 Ω and 190 K, respectively. This can be explained considering
he time required for SC1 to recover and its 𝑇 to be reduced below 𝑇 .
5

𝐶 p
he highest the peak value of 𝑇 during fault, the slowest the recovery
rocess (within the range of few sec to few min) [28]. The recovery
ime of SCs is determined by the fault parameters, the structure of the
C, the type and efficiency of the cooling system [29].

Furthermore, the presence of a solid PP fault applied at CC leads
lso to quenching of SC2. The delay in quenching of SC2 is due to the
igher value of 𝐼𝐶 compared to that of SC1. Specifically, SC2 starts to
uench 18 ms after the fault occurrence, presenting a peak of DC current
qual to 8.5 kA, 𝑅𝑒𝑞 of 30 Ω (Fig. 5c) and 𝑇 equal to 130 K (Fig. 5d).
he fault DC current flowing through CC is illustrated in Fig. 5a, while
he voltage dip in Fig. 5b.

Furthermore, the simulation results of the permanent PP solid fault
t Bus 3, 𝐹4, are shown in Fig. 6. Fig. 6a shows the DC currents flowing
hrough the two SCs and CC. It is observed that for a solid fault at Bus
both of SCs quench. Specifically, SC1 quenches 4 ms after the fault

ccurrence, presenting 𝑅𝑒𝑞 of approximately 140 Ω (Fig. 6c) and 𝑇 rise
p to 190 K (Fig. 6d). The voltage of SC1 is reduced to 0 kV as it is
irectly connected to the faulted bus. The DC current flowing through
C1 is sustained to 400 A as the increase in 𝑅𝑒𝑞 limits the fault current
agnitude. The SC2 quenches 8 ms after the fault initiation. The peak

f DC current flowing through SC2 is 10 kA (Fig. 6a), while during
uenching, as 𝑅𝑒𝑞 reaches values of 120 Ω (Fig. 6c) the DC current
hrough SC2 is maintained at 5 kA (Fig. 6a). The DC current through CC
resents a peak of 3.4 kA (Fig. 6a) and the voltage of CC is decreased
o 1.2 kV (Fig. 6b).

Therefore, from the investigation of the external fault at CC and
us 3, it can be concluded that quenching of SCs can be initiated by
xternal faults, introducing a potential challenge for the stability and
oordination of the protection schemes.

.4. Fault analysis assessment

By summarizing the results obtained during the simulation of the
1 to 𝐹4 fault scenarios the following key findings from power system

rotection perspective are worth to be highlighted:
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Fig. 4. Highly resistive PP fault at 99% of SC1 length with 𝑅𝑓 = 300 Ω : (a) SC1, SC2 and CC DC currents, (b) SC1, SC2 and CC DC pole-to-pole voltage, (c) equivalent resistance
of SC1 and SC2, (d) temperature of SC1 and SC2.

Fig. 5. Solid PP fault at 0.1% of the CC length: (a) SC1, SC2 and CC DC currents, (b) SC1, SC2 and CC DC pole-to-pole voltage, (c) equivalent resistance of SC1 and SC2, (d)
temperature of SC1 and SC2.
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Fig. 6. Solid PP fault at Bus 3: (a) SC1, SC2 and CC DC currents, (b) SC1, SC2 and CC DC pole-to-pole voltage, (c) equivalent resistance of SC1 and SC2, (d) temperature of SC1
and SC2.
i

• The variable 𝑅𝑒𝑞 of the SCs during quenching and the subsequent
fault current reduction may cause malfunctions to existing protec-
tion schemes. Therefore, these constitute the key factors which
should be taken into consideration during the design of more
advanced protection solutions.

• For the protection of SCs in meshed HVDC systems schemes with
increased sensitivity are required to provide adequate detection
of highly-resistive faults, during which the quenching process is
compromised, and increased discrimination capability to remain
stable against external faults.

3.5. Investigation of derivative-based protection philosophy

This section demonstrates the limitations of existing protection
schemes for meshed HVDC systems which incorporate SCs.

Current and voltage derivative-based protection schemes have been
widely-proposed in the technical literature for fault detection and loca-
tion applications for meshed HVDC systems as they present increased
sensitivity, speed, accuracy and minimize the need for communication
link (i.e., only local measurements are required) [30].

In this work, prior to the analysis of the proposed protection algo-
rithm, the potential of utilizing 𝑑𝑖∕𝑑𝑡 and 𝑑𝑣∕𝑑𝑡 based protection has
been assessed by conducting a qualification analysis which presents
the basic challenges of the threshold-based protection schemes for
HVDC systems with SCs, while the further investigation of the settings
adjustment is beyond the scope of the presented work. For this purpose,
the relay installed at point 3.1 of SC1 (Fig. 1) has been utilized as
an indicative test case. For this purpose, the relay operation is based
on the local current or voltage measurements captured at point 3.1
of SC1. The protection zone is bounded by the inductive terminations
and the current and voltage derivative-based relay should operate only
for forward faults (the direction is indicated by the grey arrow in
Fig. 1) within the protected zone (no protection directionality has been
considered) in order to preserve the protection sensitivity and security.
7

The value of the current and voltage threshold settings shall be
determined considering the protection discrimination requirement be-
tween a forward PP internal remote highly-resistive fault (i.e., 𝐹2),
during which a tripping signal should be initiated, and a forward
PP solid external fault (i.e., 𝐹3), during which the protection scheme
should remain stable.

3.6. Scheme based on current derivative

Fig. 7a and b show the 𝑑𝑖∕𝑑𝑡 of the current flowing through SC1
measured at the point 𝑃 3.1 during 𝐹2 and 𝐹3, respectively. As it is
demonstrated, during 𝐹2, which is a highly-resistive fault with 𝑅𝑓 =
200 Ω, the first 𝑑𝑖∕𝑑𝑡 peak is presented 1.2 ms after the fault and is
approximately 198 kA∕s. During 𝐹3, the first peak of 𝑑𝑖∕𝑑𝑡 is approx-
mately 920 kA∕s. The magnitude of the peak of 𝑑𝑖∕𝑑𝑡, during 𝐹2, is

reduced due to the increase in the variable 𝑅𝑒𝑞 of SC1 and the high
value of 𝑅𝑓 .

Effectively, the obtained results indicated that the selection of low
current threshold setting is required in order to ensure the detection
of internal highly-resistive faults. Conversely, for low current threshold
setting, the current derivative-based relay operates for external solid
faults applied on the CC. Therefore, this protection philosophy provides
a trade-off between the protection sensitivity and stability for meshed
HVDC systems with SCs.

3.7. Scheme based on voltage derivative

Fig. 8a and b depict the 𝑑𝑣∕𝑑𝑡 of the voltage signatures captured at
the point 3.1 during 𝐹2 and 𝐹3, respectively. It can be noticed that the
peak of the 𝑑𝑣∕𝑑𝑡, during 𝐹2 is approximately 10 MV∕s, 2.5 ms after the
fault occurrence, while during 𝐹3, the first peak of the 𝑑𝑣∕𝑑𝑡 is 50 MV∕s.

Similarly to the case of the current derivative-based relay, the
results showed that the selection of low voltage threshold setting is

required for the secure operation against internal highly-resistive faults,
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Fig. 7. Results of 𝑑𝑖∕𝑑𝑡 during: (a) a PP internal, remote highly-resistive fault at 99% of SC1 length with 𝑅𝑓 = 200 Ω (b) a PP external solid fault at 0.1% of CC length.
Fig. 8. Results of 𝑑𝑣∕𝑑𝑡 during: (a) a PP internal, remote highly-resistive fault at 99% of SC1 length (b) a PP external solid fault at 0.1% of CC length.
jeopardizing the protection stability against external solid faults applied
on the CC. Consequently, it can be concluded that quenching, 𝑅𝑒𝑞
variations, the increase in 𝑅𝑓 and the current limitation have an
dverse impact on the proper selection of the voltage threshold setting.

. Proposed algorithm

The proposed data-driven scheme exploits the advantages of the
GBoost Machine Learning (ML) algorithm for real-time fault detection
nd classification. In the presented work the fault classification term
efers to the identification of the faulted element (i.e., buses, SC1, SC2
nd CC).

By utilizing as an indicative example the Bus 3, shown in Fig. 9, the
XGBoost-based scheme is a centralized (on substation level) protection
philosophy which protects the system against faults occurring within
the protected zone, accounting for faults applied on Bus 3 (𝐹4), SC1 (𝐹1)
nd SC2 (𝐹5). Correspondingly to Bus 3, the same centralized XGBoost-

based protection philosophy has been assumed to be installed to the
other two buses illustrated in Fig. 1 (Bus 1 and Bus 2). In particular,
the XGBoost-based scheme installed at Bus 1 detects and classifies
faults occurring at Bus 1, SC1 and CC, while the protected zone of the
XGBoost-based scheme installed at Bus 2 includes faults at Bus 2, CC
and SC2. The algorithm detects the presence of a fault based on local
current and voltage measurements obtained from the cables and the
converter attached to the corresponding DC buses and therefore, there
is no requirement for communication and measurements transmission
among the buses.

The fault is classified in order to determine the faulted element
within the protected zone or the presence of an external fault beyond
the protected zone. Following the fault classification, a tripping sig-
nal is initiated and sent to the corresponding Circuit Breakers (CBs)
8

p

to clear the fault. Conversely, during a detected external fault, the
XGBoost-based protection remains stable.

For the practical implementation of the proposed scheme, authors
devised the design depicted in Fig. 9. Merging Units (MUs) can be
installed to acquire the local current and voltage measurements based
on the IEC 61 869 standard. The MUs perform all data processing,
accounting for sampling and digitization and transmit the digital output
of the current and voltage signatures to the centralized protection
scheme via Ethernet, using the IEC 61850−9−2 protocol. The protection
functions are assumed to be implemented within the XGBoost-based
scheme, while for the realization of the fault clearance, the initiated
tripping signal can be sent to the corresponding CBs via the Generic
Object Oriented Substation Event (GOOSE) protocol defined by the
IEC 61 850 standard. The development of the protection algorithm is
thoroughly explained in the following subsections.

4.1. Data generation and acquisition

Initially, with the scope of generating a diverse dataset, several
fault scenarios were simulated using the system illustrated in Fig. 1.
The system parameters that have been modified during the iterative
simulation process include the fault type, fault resistance and fault
position. For the resistive faults 20 values of 𝑅𝑓 have been considered
within the range of 0 Ω to 350 Ω. The maximum fault resistance of 350 Ω
has been selected as a typical value for highly resistive faults in HVDC
systems as reported in the technical literature [31–34]. Specifically, the
initial dataset is composed of 1800 fault scenarios which include PP, PG
and NG fault types occurring at every 10% of SC1, SC2 and CC length
with 20 values of fault resistance and PP, PG and NG faults with 20
values of fault resistance applied at Bus 1, Bus 2 and Bus 3.

During the simulation studies, pre-fault (5 ms time window) and

ost-fault (20 ms time window) local current and voltage waveforms
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Fig. 9. Overview of the XGBoost-based scheme installed at Bus 3.
(at substation level) were measured at one terminal of cables, the DC
side of converter and the corresponding bus. The generated signals have
been captured with sampling frequency of 20 kHz [3].

4.2. Data pre-processing

One of the main advantages of the tree-based algorithms, such
as the XGBoost model, compared to other AI techniques, is the low
requirements on the data preparation [35]. Therefore, there is no
need for extensive pre-processing of the obtained voltage and current
signatures.

The final Python-based dataset has been formed based on the cap-
tured time-domain current and voltage measurements, without consid-
ering other features (i.e., current derivative, voltage derivative etc.)
or transformations (i.e., Wavelet Transform). Prior to the training of
the developed algorithm, the dataset was split into smaller datasets.
Specifically, 80% of the initial dataset was used for the training, while
the remaining 20% for the testing of XGBoost model. It should be noted
that the XGBoost algorithm has the capability to perform internal Cross-
Validation (CV), hence it is not necessary to create a separate validation
dataset.

4.3. Multi-class classification

The acquired time-domain current and voltage measurements are
used as inputs to the XGBoost-based scheme, to detect the presence of
a fault and identify the faulted element. During the training process
the voltage and current measurements have been contaminated with
random white noise in order to represent the possible impact of the
noisy measurements on the fault detection and classification. Specifi-
cally, random noise within the range of 80 to 130 signal-to-noise ratio
(SNR) has been added to the training dataset.

In the presented work the fault detection and discrimination func-
tions have been formed as a multi-class classification problem. Specifi-
cally, for the scheme installed at Bus 3 (Fig. 9) (which is the centralized
proposed scheme), XGBoost classifier initiates output }}1ε, indicating
faults at SC1, }}2ε indicating faults at SC2 and }}3ε for faults at Bus 3.
Conversely, when the XGBoost output is }}0ε, the presence of an exter-
nal fault beyond the protected zone is identified. The correspondence
between the predicted classes and the faulted element for the developed
XGBoost-based scheme installed at Bus 3 is given in Table 4:

Effectively, during an internal fault, the generated output of the
XGBoost classifier is utilized as a tripping signal which is sent to
9

Table 4
Correspondence between predicted class and fault type for the
developed XGBoost-based scheme installed at Bus 3.

XGBoost-based scheme Class Fault

at Bus 1

1 at SC1
2 at CC
3 at Bus 1
0 external

the corresponding CB for the isolation of the faulted element. Con-
trarily, no tripping signal is initiated during the identified external
faults. Fig. 10 shows an overview of the developed XGBoost-based fault
detection–classification philosophy.

4.3.1. XGBoost algorithm for multi-class classification
XGBoost algorithm is a decision tree-based ensemble model based

on gradient boosting which is designed to be very efficient and easily
applicable in fault management application with tabular data [35].
The state-of-the-art XGBoost classifiers are very flexible and robust
algorithms for complex classification problems as they combine the
advantages of the tree-based ML algorithms with lower computational
complexity and hence higher computational speed [36]. In particular,
XGBoost operation depends on the modelling of tree algorithms, select-
ing different features of the initial dataset and creating the conditional
nodes. The boosting term refers to an ensemble ML method according
to which weak learners are trained sequentially and combined to build
a stronger learner with better predictive performance. Based on the
main principles of the Gradient Boosting (GBM) framework, which
consists the core of the XGBoost algorithm, during the training process
each weak learner tries to eliminate the weaknesses of its predecessor,
resulting in strong learners with high degree of accuracy.

The operation of the XGBoost algorithm is dependent on the mini-
mization of the objective function given by (7), using gradient descent:

𝑂𝑏𝑗 =
𝑖=1
∑

𝑛
𝑙(𝑦𝑖, 𝑦𝑖

(𝑡−1) + 𝑓𝑡(𝑥𝑖)) +𝛺(𝑓𝑡) (7)

where 𝑙 is the loss function which represents how well the model fits
on the training dataset, 𝑦𝑖(𝑡−1) is the previous model at 𝑡 − 1, 𝑓𝑡(𝑥𝑖) is
the new model and 𝛺(𝑓𝑡) represents the regularization function which
measures the complexity of the trees.
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Fig. 10. Overview of the XGBoost-based algorithm.
There many comparative analyses reported in literature which high-
light the advantages of XGBoost algorithm over other classifiers. Par-
ticularly, authors in [37], demonstrate that XGBoost algorithm is a
scalable ensemble technique which outperforms gradient boosting and
random forests classifiers in terms of accuracy and computational
speed. The work conducted in [38,39] indicate that XGBoost algorithm
provides higher degree of accuracy compared to ANN and SVM classi-
fiers, respectively, while concurrently reduces the execution time and
the computational complexity. The superiority of XGBoost algorithm
for classification problems over ANN algorithms is reported in [40].
Specifically, the comparative analysis showed that XGBoost achieved
higher accuracy on the testing data and performed the entire classifi-
cation process within 30 min, conversely ANN model required 15 h to
complete the entire classification process and provided lower accuracy
on the testing dataset. Furthermore, ANN models require extensive
tuning both, in parameters and model architecture, while XGBoost
algorithm performs well without extensive parameters tuning. The
unique features of XGboost algorithm for fault diagnosis problems are
presented in [35,41–43] and the studies revealed that XGBoost algo-
rithm is a robust, computationally efficient algorithm which presents
faster and more accurate results over other ML model such as Long–
Short Term Memory (LSTM) model and traditional neural network
models. The main advantages offered by the XGBoost algorithm are
listed as follows and showcase the superiority of the selected algorithm
compared to other classification models:

• Fastest implementation of the GBM tree-based algorithms [38].
• Higher efficiency compared to conventional artificial neural net-

work classifiers [36].
• Incorporates randomization techniques (i.e., random subsample),

reducing the over-fitting on the training dataset and presenting
enhanced generalization capability [44].

• Utilizes the power of the parallel computation to construct trees
resulting in less computational time and faster training pro-
cess [40].

• Achieves state-of-the-art results with tabular data [45].

Therefore, the XGBoost algorithm combines efficiency, operational
speed and increased generalization capability which are attributes very
important for the fault management problems.

In the presented work, in order to select the XGBoost model with
the best prediction performance, hyperparameter tuning was performed
prior to the commencement of the actual learning process [25]. For this
10
Table 5
Simulation scenarios.

Hyperparameter Value

Booster gbtree
Alpha 10
Number of estimators 200
Lambda 1
Maximum tree depth 3
Learning rate 0.1

purpose, the training dataset was divided into 5-folds (𝑘 = 5) and each
combination of hyperparameters is subjected to the 5-fold CV for the
determination of the optimum combination. The 5-fold CV has been
implemented based on the ‘‘GridSearchCV’’ scikit-learn class and as
CV score the F1-score was selected. All the experiments were executed
using AMD Ryzen™ 9 5900HX (16-core/12-thread, 16 GB cache, up to
4.0 GHz max boost) processor. The optimum hyperparameters of the
developed XGBoost-based scheme are presented Table 5.

4.4. XGBoost-based scheme time delays

Prior to the testing of the developed scheme, for the realistic im-
plementation all the anticipated time delays within the DC substation
should be identified. The expected total operating time of the XGBoost
scheme, 𝑡𝑜𝑝, is calculated based on (8) and consists of time delays associ-
ated with the data processing, 𝑡𝑑 , (including measurements digitization
and communication) and the XGBoost algorithm execution, 𝑡𝑋𝐺𝐵𝑜𝑜𝑠𝑡,
(time required for the algorithm to provide the output signal):

𝑡𝑜𝑝 = 𝑡𝑑 + 𝑡𝑋𝐺𝐵𝑜𝑜𝑠𝑡 (8)

The developed protection philosophy at each bus is based on cur-
rent and voltage measurements from all the cables and the converter
attached to the corresponding DC bus. Considering the use of MUs as
illustrated in Fig. 9 and an Ethernet switch for realization of IEC-61850,
the maximum anticipated time delay, 𝑡𝑑 is given by (9):

𝑡𝑑 = 𝑡𝑠 + 𝑡𝑀𝑈 + 𝑡𝐸𝑡ℎ + 𝑡𝑝𝑝 (9)

where 𝑡𝑠 denotes the maximum time delay resulting from the analogue
sampling (i.e., 𝑡𝑠 = 50 μs); 𝑡𝑀𝑈 is the time required to encode the
sampled values in the MUs and can be estimated to 12 μs according
to [46]; 𝑡𝐸𝑡ℎ is the maximum time delay imposed by the Ethernet link
latency and is estimated to 6.34 μs based on [2] and 𝑡 is 9.5 μs,
𝑝𝑝
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Fig. 11. Overview of SIL testing environment used for time performance assessment of the XGBoost-based scheme.
Table 6
XGBoost confusion matrix for train–test split percentage of 80%–20%.

Actual/predicted condition Predicted negative Predicted positive

Actual negative TN = 96% FP = 0.5%
Actual positive FN = 3% TP = 98%

relying on the work conducted in [46], and refers to the maximum time
required for the protection system to decode the sampled values. The
total 𝑡𝑑 is 77.84 μs.

Finally, the time delay associated with the XGBoost algorithm,
𝑡𝑋𝐺𝐵𝑜𝑜𝑠𝑡, is determined by many factors accounting for coding efficiency
and the power of the processing system. The total 𝑡𝑜𝑝 of the proposed
scheme will be assessed experimentally in the following section.

5. Simulation results and validation of the XGBoost-based scheme

The effectiveness and the generalization capability of the XGBoost
scheme have been validated using proper evaluation metrics and time
assessment studies. Initially, the ability of the developed scheme to de-
tect and classify correctly different faults was evaluated on the testing
dataset, considering the F1-score as evaluation metric. Furthermore,
time performance assessment studies were carried out using a SIL
testing platform in order to validate the suitability of the proposed
scheme for real-time implementation. Additionally, the performance of
the algorithm has been tested against the addition of white noise in
voltage and current time-domain signals, emulating potential effects
arisen by measurement-related noise.

5.1. F1-score evaluation

F1-score is a widely used evaluation metric in ML applications.
In particular, F1-score provides a combination between the precision
and recall evaluation metrics, considering the impact of both, the
False Positive (FP) predictions and the False Negative (FN) predictions,
respectively. The XGBoost classifier was tested using 20% of the initial
dataset. The split of the initial dataset to 80% for training and the
remaining 20% for testing it is a common practice utilized in ML
applications [47]. Table 6 shows the normalized confusion matrix
generated during the testing process.

As concluded by Table 6, the high percentage of True Positive (TP)
predictions, confirms the capability of the developed scheme to detect
and classify correctly the faults within the protected zone, while the
increased value of the True Negative (TN) percentage indicates the
stability of the algorithm against the external faults. Regarding the per-
centage of FP, which indicate the falsely initiation of the tripping signal
for an external fault and the FN percentage which refers to the failure
of tripping signal initiation for an internal fault, both are very low,
validating the high degree of protection reliability and dependability.
The total F1-score is calculated based on (10). Deriving the values from
11
Table 7
XGBoost confusion matrix for train–test split percentage of 65%–35%.

Actual/predicted condition Predicted negative Predicted positive

Actual negative TN = 85% FP = 3%
Actual positive FN = 11% TP = 90%

Table 8
XGBoost confusion matrix for train–test split percentage of 50%–50%.

Actual/predicted condition Predicted negative Predicted positive

Actual negative TN = 78% FP = 4%
Actual positive FN = 27% TP = 86%

the confusion matrix presented in Table 6 the final value of the F1-score
is 98%.

𝐹1 − 𝑠𝑐𝑜𝑟𝑒 = 2 ⋅ 𝑅𝑒𝑐𝑎𝑙𝑙 ⋅ 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛
𝑅𝑒𝑐𝑎𝑙𝑙 + 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

= 𝑇𝑃
𝑇𝑃 + 1

2 ⋅ (𝐹𝑁 + 𝐹𝑃 )
(10)

5.2. Sensitivity analysis regarding train–test dataset split

In this sub-section a sensitivity analysis was performed with re-
spect to the train–test split percentages in order to evaluate the initial
selection (80% of initial dataset for training and the remaining 20%
for testing) and investigate its impact on the performance of XGBoost
model. For this purpose, the developed XGBoost model was tested on
35% of the initial dataset (the remaining 65% was utilized for training)
and 50% of the initial dataset (the remaining 50% was utilized for
training). Similarly, to sub-Section 5.1 the evaluation was performed
based on F1-score.

Tables 7 and 8 present the normalized confusion matrices generated
during the testing process on 35% and 50% of the initial dataset,
respectively.

The resulting F1-score for train–test split percentage of 65 %–35 % is
92% and for train–test split percentage of 50 %–50 % is 84%. Therefore,
it can be concluded that as the percentage of the initial dataset utilized
for training is reduced and thus the training set representativeness
decreases, the resulting F1-score decreases as well. Specifically, as
the percentage of the initial dataset assigned to training process is
reduced, the percentage of FP predictions increases, resulting in the
falsely initiation of the tripping signal for faults beyond the protected
zone, diminishing protection security. An increase it is also observed
in the percentage of FN percentage, which indicates the failure of
tripping signal initiation, jeopardizing the protection dependability and
reliability. Conversely, as the percentage of the initial dataset utilized
for training decreases, the resulting percentages of TP and TN pre-
dictions are reduced, affecting the protection sensitivity and stability,
respectively. Based on the obtained results the XGBoost model trained
of 80% of the initial dataset was selected for the presented studies.
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Fig. 12. Overview of SIL testing environment used for time performance assessment of the XGBoost-based scheme.
.3. Software in the loop testing for real-time validation

This subsection presents the results of the real-time assessment of
he XGBoost-based scheme installed at Bus 3, considering realistic digi-
al infrastructure. The ultimate goal is to acquire a deeper insight of the
ime response of the proposed scheme and validate its performance for
eal-time implementation. On that front, the performance of XGBoost-
ased scheme at Bus 3 (illustrated in Fig. 9) was tested with respect to
ime required for the initiation of the tripping signal. The assessment
as conducted utilizing the testing environment in Fig. 11, which forms
real-time SIL platform. Similarly, real-time SIL time performance

valuation could be carried out for the XGBoost schemes installed at
us 1 and Bus 2.

A variety of fault scenarios were simulated utilizing the network
epicted in Fig. 1, and the corresponding voltage and current measure-
ents were extracted for post-processing. The simulated database was

tored in PC-1 and the waveforms were injected sample-by-sample to
C-2 through TCP/IP sockets configuration. The final trained model of
GBoost algorithm was stored in PC-2 in order to generate the tripping

signal. The specifications of PC-1 and PC-2 are presented in Fig. 11.
Indicatively, Fig. 12 shows the simulation results of a PP solid fault

applied at 58% of the SC1 length, at 𝑡 = 5 ms, which quantifies the time
performance of the XGBoost-based scheme installed at Bus 3. Fig. 12a
to Fig. 12c illustrate the utilized voltage and current measurements,
accounting for the currents measured at the terminal P3.1 of SC1 and
P3.2 of SC2 (Fig. 12a) and the DC side of MMC3 converter (Fig. 12c)
and the DC voltage at Bus 3. It is evident that the fault is detected by
the proposed scheme and the corresponding tripping signal is initiated
approximately 0.5 ms after the fault occurrence (Fig. 12d).

Furthermore, during the real-time SIL testing, the performance of
XGBoost-based scheme installed at Bus 3 was evaluated on 200 addi-
tional, previously unseen fault scenarios (the fault location and the
𝑅𝑓 are not part of the initial dataset). The principal objective of this
12

assessment is to further validate the generalization capability of the
proposed scheme against measurements which are not part of the
training or testing datasets. Some of the results are presented in Table 9
and establish the effectiveness of the proposed protection philosophy.
Specifically, the proposed scheme detects and classifies correctly the
faults within the protected zone (i.e., faults applied on SC1, SC2 and
Bus 3) and provide the corresponding tripping signal (even during
highly-resistive faults). Conversely, the scheme remains stable against
external faults (faults applied on CC, Bus 1 and Bus 2) which belong
to the protected zones of XGBoost schemes installed at Bus 1 and Bus
2. Regarding the operation time, which is of paramount importance in
HVDC systems, the tripping signal is initiated within the time range
of 0.0582 ms to 1.3104 ms, providing an average time of 0.2912 ms.
Therefore, it can be concluded that the proposed scheme fulfils all
the requirements of an effective protection solution for meshed HVDC
systems with SCs, accounting for increased discrimination, security,
stability and operation speed.

5.4. Impact of noise

The analysis presented in this subsection investigates the impact of
white noise on the performance of the proposed scheme. During the
practical deployment of the developed protection algorithm in meshed
HVDC systems with SCs, unwanted distortion may be introduced within
the measurements, emanating from quality issues, sensing and measur-
ing equipment. Therefore, to de-risk the proposed scheme and validate
its effectiveness under such conditions, the time-domain current and
voltage signatures of the testing scenarios, investigated in Section 5.3,
have been contaminated with artificial noise. Fig. 13 shows the fault
current and voltage signatures of Fig. 12 after the addition of artificial
noise (SNR = 30 dB).

It is worth reiterating that the XGBoost-based scheme has been
trained on data with random noise within the range of 80 to 100 SNR.

The presented results aim to confirm the generalization capability and
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Table 9
Time performance of XGBoost scheme installed at Bus 3 during previously unseen fault scenarios.

Faulted element Fault type Rf [Ω] Location % 𝑡𝑜𝑝 [ms] Faulted element Fault type Rf [Ω] Location % 𝑡𝑜𝑝 [ms]

SC1

PP

0 0.50 0.0898

Bus 1

PP

0 – NO TRIP
2 15 0.0988 2 – NO TRIP
5 45 0.1091 5 – NO TRIP
50 65 0.1591 50 – NO TRIP
300 99 0.2018 300 – NO TRIP
0 87 0.0988 45 – NO TRIP
100 1 0.1068 10 – NO TRIP

PG

0 0.20 0.0901

Positive PG

0 – NO TRIP
1 1.4 0.0951 1 – NO TRIP
10 32 0.0908 10 – NO TRIP
30 74 0.1009 30 – NO TRIP
350 98.90 1.0890 350 – NO TRIP
2 92 0.1073 100 – NO TRIP
95 20 1.0113 4 – NO TRIP

NG

0 1 0.0938

NG

0 – NO TRIP
3 13 0.0920 3 – NO TRIP
15 25.60 0.0901 15 – NO TRIP
25 58.90 0.1256 25 – NO TRIP
1 0.05 0.0582 1 – NO TRIP
0 97 1.0982 200 – NO TRIP
100 98 0.1911 67 – NO TRIP

SC2

PP

0 2 0.0997

Bus 2

PP

0 – NO TRIP
2 17 0.0988 2 – NO TRIP
5 38 0.1003 5 – NO TRIP
50 49.50 0.1024 50 – NO TRIP
300 64.90 0.1109 300 – NO TRIP
350 12.5 0.1219 11 – NO TRIP
3 75.2 0.9876 88 – NO TRIP

PG

0 8 0.0956

PG

0 – NO TRIP
1 21 1.0841 1 – NO TRIP
10 37 1.0943 10 – NO TRIP
30 44.20 1.0928 30 – NO TRIP
100 21.2 1.0867 35 – NO TRIP
350 92 1.2341 350 – NO TRIP
0 99 0.0431 16 – NO TRIP

NG

0 49.80 0.0998

NG

0 NO TRIP
3 59 0.1023 3 – NO TRIP
15 81 0.1025 15 – NO TRIP
25 69.90 0.1037 25 – NO TRIP
200 96 1.0984 200 – NO TRIP
90 13.5 1.1014 100 – NO TRIP
0 93.8 1.0004 1 – NO TRIP

Bus 3

PP

0 – 0.0827

CC

PP

0 0.89 NO TRIP
2 – 0.0838 2 12 NO TRIP
5 – 0.0889 5 48 NO TRIP
50 – 0.0908 50 67 NO TRIP
1 – 0.0887 100 0.4 NO TRIP
300 – 0.0907 300 99 NO TRIP
100 – 1.3104 1 88 NO TRIP

PG

0 – 0.0813

PG

0 3 NO TRIP
1 – 0.0921 1 18 NO TRIP
10 – 0.0942 10 47 NO TRIP
30 – 0.1022 30 85.3 NO TRIP
350 – 0.1030 350 91 NO TRIP
0.5 – 0.0532 100 11.1 NO TRIP
60 – 0.1702 2 76.7 NO TRIP

NG

0 – 0.0803

NG

0 2 NO TRIP
3 – 0.1012 3 27 NO TRIP
15 – 0.0989 15 58 NO TRIP
25 – 0.0832 25 76.7 NO TRIP
100 – 0.1355 100 18.2 NO TRIP
200 – 0.1540 200 98.8 NO TRIP
2 – 0.0849 2 5.6 NO TRIP
0

the time response of the proposed scheme under the influence of wider
range of white noise.

The final results are presented in Table 10 and show the maximum
and the average tripping time, 𝑡𝑜𝑝, of the XGBoost-based scheme in-
talled at Bus 3. From the resulting time values it is evident that as the
oise level increases (the value of the SNR decreases), the value of the

remains approximately the same.
13

𝑜𝑝
In more specific, for the detection of the faults on SC1, the maximum
𝑡𝑜𝑝 is 1.0982 ms for SNR 100 dB. For the same SNR, the average 𝑡𝑜𝑝 is
.2416 ms, while for SNR 30 dB, the maximum 𝑡𝑜𝑝 is 1.0981 ms and the

average 𝑡𝑜𝑝 is 0.2412 ms. It is evident that an increase in the additive
noise causes a minor change in the operation speed of the XGBoost-
based scheme. The same trend is presented in the detection of faults
on SC1 and Bus 3. Furthermore, the proposed scheme remains stable
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Fig. 13. Current and voltage measurements after the addition of 30 dB noise.
Table 10
Time performance of XGBoost-based scheme considering artificial noise to current and voltage measurements of the testing scenarios.

SNR [dB] SC1 SC2 Bus 3 Bus 1 Bus 2 CC

𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms] 𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms] 𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms] 𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms] 𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms] 𝑡𝑜𝑝 max [ms] 𝑡𝑜𝑝 avg [ms]

∞ 1.0982 0.2416 1.2341 0.3513 0.1543 0.0952 NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP
100 1.0983 0.2415 1.2341 0.3513 0.1543 0.0952 NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP
80 1.0983 0.2415 1.2341 0.3512 0.1543 0.0951 NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP
60 1.0983 0.2414 1.2341 0.3512 0.1541 0.0949 NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP
30 1.0981 0.2412 1.2339 0.3510 0.1538 0.0944 NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP NO TRIP
during faults on CC and Bus 1 and Bus 2. Therefore, it is inferred that
the performance of the developed scheme is not jeopardized by the
addition of the white noise.

6. Conclusions

In the presented work a novel centralized fault detection and classi-
fication scheme is proposed for the protection of multi-terminal HVDC
grids with SCs. The developed scheme utilizes the principles of the
XGBoost ML algorithm and protects the system against faults occurring
along the cables (SC and CC) and the buses.

The deployment of the SCs has introduced many fault-related chal-
lenges within the networks due to the quenching phenomenon and
renders the fast and accurate fault detection and classification a very
challenging task. The limitations of the existing DC protection schemes,
such as the derivative-based schemes, in conjunction with the ever-
increasing availability of data in the future power grids offer the
opportunity for innovative protection solutions.

The proposed XGBoost-based scheme has been found to provide
adequate protection for different fault types, location and resistances.
The results from the real-time SIL testing validate the fast and accurate
fault detection and classification under various fault conditions and
consequently highlight the applicability of the developed scheme for
real-time implementation. Specifically, the results showed that the
operation time lies within the range of 0.0803 ms and 1.2341 ms, which
complies with the protection requirements for HVDC grids. Further-
more, the XGBoost-based algorithm presents increased discrimination
capability by initiating a fast tripping signal during the highly-resistive
internal faults and remaining stable during external faults. Addition-
ally, the generalization capability of the proposed scheme has been
14
tested under the influence of white noise. The results verified the robust
performance of the XGBoost-based scheme on the noisy measurements.
Overall, the proposed scheme is suitable for the detection and classifi-
cation of faults in HVDC grids with SCs, and hence can be considered
a very promising solution for the implementation of fast and reliable
DC bus and SCs protection. Following the successful development and
evaluation of the proposed centralized XGBoost-based scheme, more
research shall be steered towards the simultaneous assessment of the
three centralized XGBoost-based schemes installed at Bus 1, Bus 2 and
Bus 3 along with the investigation of back-up protection schemes.
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