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Abstract: The use of multi-terminal high voltage direct current (HVDC) power transmission systems
is being adopted in many new links between different generation and consumption areas due to
their high efficiency. In these systems, cable energization must be performed at the rated voltage.
Healthy energizations at the rated voltage result in large inrush currents, especially in long cables,
primarily due to ground capacitance. State-of-the-art protection functions struggle to distinguish
between transients caused by switching and those associated with ground faults, leading to potential
unwanted tripping of the protection systems. To prevent this, tripping is usually blocked during
the energization transient, which delays fault detection and clearing. This paper presents a novel
method for prompt discrimination between healthy and faulty energizations. The proposed method
outperforms conventional protection functions as this discrimination allows for earlier and more
reliable tripping, thus avoiding extensive damage to the cable and the converter due to trip blocking.
The method is based on the transient analysis of the current in the cable shields, therefore, another
technical advantage is that high voltage-insulated measuring devices are not required. Two distinct
tripping criteria are proposed: one attending to the change in current polarity, and the other to the
change in current derivative sign. Extensive computer simulations and laboratory tests confirmed
the correct operation in both cases.

Keywords: cable energization; cable shielding; electrical fault detection; fault currents; ground faults;
HVDC transmission; inrush current; leakage currents; power system faults; power system protection;
power system transients; power transmission lines

1. Introduction

The continuous increase in worldwide electrical power demand necessitates the con-
struction of new and robust power transmission systems over long distances from genera-
tion plants to loads. The expansion of the electrical network also calls for the development
of innovative techniques for energy transmission and power line protection. Traditionally,
power has been transmitted using high voltage alternating current (HVAC) lines. However,
high voltage direct current (HVDC) transmission systems are increasingly being adopted
for new high-power, long-distance transmission projects [1,2]. Advancements in converter
technology, such as the development of voltage-source converters (VSCs) [3], have enhanced
the practicality of HVDC systems by enabling more compact and efficient designs.

HVDC systems offer a highly favorable solution for power transmission, with oper-
ating voltages ranging from 1 kV up to £800 kV [4]. They are commonly used between
converters, providing several advantages [5,6] including suitability for long-distance trans-
missions, asynchronous interconnection between converters, avoidance of reactive power
compensation, and reduced environmental impact. One of the main benefits of HVDC
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systems lies in the reduction in line losses, as only heat losses and power converter commu-
tation losses are relevant. In contrast to HVAC systems, HVDC avoids inefficiencies such
as reactive current components, skin and proximity effects, and induced currents in cable
armature and sheaths. Furthermore, HVDC allows for precise power flow control and mod-
ulation capabilities, making it particularly useful for integrating renewable energy sources
such as wind and solar power, into the grid, within the context of the energy transition.
Despite these advantages, HVC systems present some drawbacks. The converters used in
HVDC transmission introduce harmonics that can become problematic [7], and in the event
of faults, the current exhibits a sharp gradient, reaching high values, thus complicating
fault detection and protective relaying [8].

A significant advantage of HVDC technology over HVAC is its ability to transmit
power over long distances without the limitations posed by capacitive charging currents
in AC systems. In HVAC transmission, particularly in submarine or underground cables,
capacitive charging currents increase with cable length, reducing the amount of active
power that can be transmitted. For long distances, HVAC becomes impractical due to
excessive losses and the requirement for reactive power compensation. In contrast, HVDC
systems do not suffer from these limitations, allowing for much longer transmission dis-
tances with lower power losses, making HVDC particularly suitable for long-distance,
high-capacity applications.

The distance at which HVDC becomes cost-competitive with HVAC systems ranges
from 50 to 100 km for submarine and underground cables, and from 600 to 800 km for
overhead lines [2,4]. This break-even point is achieved when the savings from reduced
transmission losses outweigh the higher infrastructure costs of HVDC systems. Indeed,
in terms of initial capital investment, HVDC systems are generally more expensive than
their HVAC counterparts. This higher cost is primarily due to the HVDC substations [9],
which require high voltage power converters such as line commutated converters (LCCs)
or VSCs. Additionally, if DC circuit breakers are used, which must induce artificial current
zero-crossings for circuit interruption, the cost of switchgears is further increased. A general
cost breakdown of HVDC and HVAC systems including the location of the break-even
point is shown in Figure 1.
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Figure 1. Comparison between HVDC and HVAC in terms of cost with respect to distance.

Multi-terminal HVDC networks, schematically represented in Figure 2, are the nat-
ural evolution of HVDC power transmission systems beyond traditional point-to point
configurations. While energization in point-to-point HVDC transmission systems is typi-
cally performed at reduced voltage, in multi-terminal HVDC systems, new cables must be
energized at the rated voltage to ensure seamless integration with the already energized
network [10]. Consequently, the control strategy for starting up HVDC stations as well
as the sequence for system energization must be carefully planned and executed. Proper
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energization ensures the safe and reliable operation of HVDC systems, minimizing the
risk of equipment damage, reducing downtime, and enhancing the overall efficiency of
power transmission.
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Figure 2. Simplified diagram of a multi-terminal HVDC network.

During energization [11,12], the voltage level rises rapidly as the HVDC link’s ca-
pacitor charges to the rated voltage. Once the bus is charged, energization results in an
instantaneous inrush of high current, accompanied by a temporary voltage dip that at-
tenuates over time, harmonic injection, and dynamic overvoltages, which may lead to
system instability. These effects are particularly pronounced in long-distance cables. Such
phenomena can potentially interfere with the correct operation of protection systems.

Faulty energizations can occur when HVDC cables have a pre-existing ground fault.
Although less frequent than in overhead lines, ground faults in HVDC cables are a sig-
nificant concern because they are often permanent [13]. The primary causes of ground
faults in HVDC cables include insulation deterioration due to aging, digging or anchoring
(particularly in submarine cables), and improper installation. When a cable with a ground
fault is energized [14-17], a large overcurrent is also generated, the magnitude of which
depends on system grounding and fault resistance. If this fault current is not properly
detected and interrupted, both the cable and the converters can be damaged. For instance,
the high grid current contribution to the fault can flow through the freewheeling diodes,
potentially affecting the converter valve.

Discerning whether a transient is caused by the energization of a healthy cable or a
ground fault remains a challenging task, crucial for avoiding spurious protection triggering.
This paper presents a novel method for distinguishing between healthy and faulty ener-
gizations by analyzing shield currents during cable energization [18]. The shield current
measurements are conducted using only low voltage (LV)-insulated equipment, allow-
ing for the diagnosis and protection of HVDC cables without the need for high voltage
(HV)-insulated equipment.

The rest of this paper is structured as follows. Section 2 reviews the previous methods
currently in use. Section 3 describes the operating principles of the proposed method.
Sections 4 and 5 present various computer simulations and experimental laboratory tests,
respectively, to doubly validate the method. Finally, Section 6 highlights the main ideas
and contributions of the paper.

2. Technical Background
2.1. Protection of Multi-Terminal HVDC Systems

In multi-terminal HVDC cable networks, it is essential to quickly remove faulty cables
from service. Protection relays for HVDC power systems need to operate faster than those
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used in HVAC systems due to the rapid development of high fault currents [19]. The most
effective fault clearing strategy implies opening the breakers located at both cable ends [20].

The need for reliable fault detection and protection methods in HVDC systems is
related to the semiconductors used in converter stations, which have limited overcurrent
capacity, often requiring fault-blocking [21-25]. If multiple converters are switched-off,
the HVDC system may collapse, compromising the stability of the HVDC system, and
potentially leading to a blackout [26-28].

Various protection techniques can be employed in HVDC systems [13,29-32]. These
techniques can be categorized into single-ended and double-ended protection schemes,
as illustrated in Figure 3. Single-ended schemes are based on local monitoring of the DC
current and voltage waveforms, while double-ended schemes are based on the real-time
communication between the ends of the protection zone.

» Current measurement

Differential t Overcurrent
A Derivative (ROCOC)

Double-ended

Y
4

Voltage measurement

DC protection
schemes in HVDC

v Undervoltage
Directional Derivative (ROCOV)
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> Single-ended > Traveling waves

> Artificial intelligence

Figure 3. Main DC fault detection techniques in HVDC systems.

Double-ended schemes are inherently selective but less suitable for primary protection
in HVDC lines due to the limited operational speed imposed by the communication channel
and the reduced reliability related to contingencies affecting the same. Therefore, single-
ended schemes will be addressed in this work. The following subsections will delve into
key aspects of single-ended DC-side protection techniques for HVDC systems [13,29-32].

2.2. Overcurrent and Undervoltage Protections

In conventional overcurrent and undervoltage protection algorithms, DC current
or voltage, respectively, are locally monitored and compared with a preset threshold.
Additionally, directionality can be achieved by monitoring the polarity. Although these
conventional protection methods are characterized by their fast operation, their main
drawback is their lack of selectivity, which can lead to the unnecessary tripping of adjacent
lines. This can result in broader system outages than intended.

Furthermore, the settings of these methods to detect [33] or even locate [34] faults in
overground and underground HVDC line sections are based on theoretical fault current
analysis and rely on the currents or voltage measurements at the converter stations con-
nected to the lines. These theoretical models do not account for the dynamic conditions
encountered in HVDC systems, especially during energizations, where large inrush cur-
rents may be mistaken for fault conditions. This could potentially lead to false tripping or
to delayed fault clearing if the tripping is blocked during the maneuver.

Furthermore, accurately setting the protection time characteristic necessitates pre-
cise modeling of the power system dynamics responsible for fault current contributions.
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Achieving this level of precision is challenging. Therefore, these functions are generally
employed as backup protection in HVDC systems.

2.3. Current and Voltage Derivative-Based Protections

In current-based derivative schemes, the rate of change of current, denoted as di/dt
(ROCOC), is compared to a preset threshold [35]. This method exploits the fact that ROCOC
increases significantly during faults.

The main advantage of the current-based approach is the ability to identify faults
well before reaching their peak fault value. This method operates notably faster than
overcurrent and undervoltage functions. Furthermore, directional selectivity can be added
if the current polarity is analyzed.

However, high and ultra-high arc resistance may impair the effectiveness of this
protection method, as transient currents in such cases can resemble those produced by
switching operations. Therefore, ROCOC protections are unsuitable to distinguish between
normal switching operations such as energizations and fault conditions. This reason
often leads to the use of trip blocking to prevent false triggering. Another drawback of
this method is that selectivity issues can persist, especially for high-resistance faults, as
the ROCOC for an external fault may induce triggering. Furthermore, large sampling
frequencies are required to accurately calculate the ROCOC, as their accuracy is influenced
by the feeder length, and the selectivity can be reduced for lines with lower impedance. The
method is also vulnerable to noisy environments and can be susceptible to misoperations
due to inappropriate measurement sampling.

One notable development in current-based derivative schemes is based on the behavior
of the converter filter capacitor during a fault. When a fault occurs, the capacitor discharges
and supplies current to the fault, prior to the diode freewheeling and grid current feeding
stages. The current dynamics depends on the fault location and the cable inductance. If the
ratio of the capacitor voltage drop to di/dt is less than the cable inductance, L, a trip
is triggered [27]. This technique remains unaffected by the fault resistance, which makes
the method perform effectively even with high fault resistances, since the rate of change is
predominantly influenced by the fault location. However, a drawback of this method is
the rapid exponential decay of the rate of change, which implies that even minor delays in
measurements can lead to inaccuracies. To eliminate the influence of fault location, further
developments consider the correlation between the ROCOC of the DC link capacitor and
the line ROCOC. Although these converter filter capacitor-based methods obtain good
results under steady-state conditions, unwanted trips can occur during maneuver transients
such as energizations.

In the case of voltage-based derivative schemes, the rate of change of voltage, dV/dt
(ROCOV), is involved [36]. This method leverages the fact that the ROCOV sharply
increases at the onset of a fault compared to normal operating conditions.

ROCOV protections share most of the advantages and disadvantages mentioned for
ROCOC protections, allowing for almost instantaneous fault detection. Most importantly,
as ROCOV tends to decrease substantially when the distance between the fault location
and the measurement point increases, it can allow discrimination between internal and
external faults, but its selectivity is also compromised for faults with high fault resistance.
Neither ROCOV-based methods can distinguish between voltage drops caused by transients
associated with switching operations, such as energizations, and those deriving from
fault conditions.

ROCOC and ROCOV protections usually need to be integrated with other criterion to
develop selective and reliable algorithms. Moreover, they require HV-insulated equipment
to provide the measurements, as the operativity of these methods relies on the current or
voltage measurements at the output of the converter stations.
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2.4. Reactor Voltage-Based Protections

This approach utilizes the voltage across the limiting inductor as a fault indicator
when its value exceeds the predefined threshold. ROCOV can be employed within the same
inductor for faster operational speed [36-38]. In this regard, by comparing the voltages on
either side of the current-limiting reactors, one can discern whether the fault is at the bus or
line side, ensuring selectivity.

This approach presents the advantage of leveraging the smoothing reactors beyond
their main purpose of limiting the increase in fault currents by serving as boundary markers
to divide the system into separate protection zones. This enables discrimination between
the internal and external faults as the main benefit. However, like conventional ROCOV-
based methods, no protective criteria based on reactor voltage reported in the literature
have addressed the differentiation between healthy and faulty line connections to the
network. Another significant drawback is that without any other auxiliary protection, the
scheme’s reliability can be compromised in the presence of high-resistance faults [39]. The
fault resistance as well as the transmission line length can deeply affect the accuracy of
the protection scheme. Furthermore, the DC reactors installed at the positive and negative
poles must have exactly equal values, otherwise asymmetric pole inductor configurations
may fail to detect asymmetrical faults such as ground faults. In any case, HV-insulated
equipment is required to obtain the voltage measurements at both sides of the reactors.

2.5. Sheath Voltage-Based Protections

Under normal operating conditions, the transient voltage in the grounded cable sheath
is typically zero. In the event of a fault, the transient voltage rises, and the fault current
flows through the sheath. The amplitude of this transient voltage and its polarity can be
utilized to detect the faulty cable segment and identify the affected pole. Specifically, the
cable segment and pole with the highest sheath voltage are indicated as faulty. Additionally,
analyzing the polarity of the transient voltage can help distinguish between faults and
capacitor imbalances. In cases of capacitor imbalance, the transient voltage will exhibit the
opposite polarity compared to that of a faulty condition [40,41].

Sheath voltage-based protection offers a relatively simple and prompt method for
detecting ground faults in HVDC lines, requiring only LV-insulated equipment consisting
of sheath voltage metering devices installed at the end of each cable. However, signal
attenuation and delays in the transient voltage can create challenges in accurately detecting
and locating faults, particularly when they occur far from the measuring point. Additionally,
transient events such as switching operations or energizations produce transient voltage
signatures similar to those of certain faults, capacitor imbalances, or other disturbances,
potentially leading to false fault detections if the polarity is not properly analyzed. This
discrimination issue remains a challenge for sheath voltage-based methods, which has not
been addressed in previous works.

2.6. Other Methods

Other single-ended protection techniques include those that detect traveling waves
(TWs) generated during faults and those that utilize artificial intelligence (AI). TW-based
protection methods employ mathematical transforms, such as Fourier or Wavelet trans-
forms, to analyze the wave’s frequency components and distinguish between fault con-
ditions and normal operation. In contrast, Al-based methods replicate human decision-
making through computational models. While both TW and Al-based protection can
offer high reliability, they come with high computational complexity. TW-based methods
encounter challenges in mathematically modeling the TWs, detecting the wave-head, and
identifying faults near the measuring point. Additionally, they require high sampling
rates. Al-based methods, though potentially accurate, robust and fast, involve complex
and time-consuming algorithm construction stages, such as the training phase for artificial
neural networks, and necessitate high-quality initial datasets. Most of these techniques also
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require HV current or voltage measurements as inputs, and none have specifically focused
on the detection of faulty energizations in HVDC lines.

2.7. Problem Statement

In point-to-point HVDC lines, the energization currents under normal conditions
are typically not large enough to trigger the incorrect operation of protection relays, as
these energizations are performed at reduced voltages. However, in multi-terminal HVDC
networks, where energizations are conducted at the rated voltage, high inrush currents can
potentially lead to the erroneous tripping of protection systems. This occurs because the
previously discussed protection techniques fail to adequately distinguish between tran-
sients caused by switching operations on a healthy HVDC cable and those resulting from a
ground fault. To prevent spurious triggering due to mismatches caused by energization
inrush currents, it is common practice to introduce a time-delay parameter in the protection
settings. While this approach reduces false tripping, it also delays the clearing of ground
faults until the trip blocking delay, potentially causing damage to the cable and converter.
This problem, which has not been addressed in the state-of-the-art described in the previous
sections, is illustrated in Figure 4.

Current
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Figure 4. Bipolar HVDC line from a multi-terminal HVDC network energized at t = fy with a ground
fault present on the positive pole: schematic representation and current waveforms.

In Figure 4, the energization of a bipolar HVDC line at time t = f; is depicted. This
HVDC line is part of the multi-terminal HVDC network shown in Figure 2. The energiza-
tion is conducted at the rated voltage of the line, denoted as Vpc. A ground fault is present
on the positive pole during energization, with fault resistance Rf < R's < R"'¢ (underdamped
response without zero-crossing is assumed in all faulty cases, see Section 3.1). For instance,
when overcurrent (i>) or current derivative (di/dt>)-based protection functions are con-
sidered, their inability to distinguish between switching transients and those associated
with ground faults necessitates the use of a time-delay parameter to avoid false tripping.
During this delay, tripping is blocked, leaving the system unprotected. The trip blocking
time is typically set to the duration in which the current, during a healthy energization
(with Ry = 00), is expected to reach the steady state. After this period, i> may trip if the
current exceeds the threshold, although di/dt> may not trip, as the DC steady state has
already been reached. It is important to note that this approach inherently delays fault
clearing at least until after the trip blocking time, during which the high fault current may
cause significant damage.
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To avoid trip blocking and enable earlier fault detection and clearing, it is necessary to
reliably distinguish between healthy and faulty HVDC cable energizations. The method
proposed in this work addresses this problem by analyzing characteristic transient current
features to determine whether the energization occurs under healthy or faulty conditions.
As illustrated in Figure 4, the criteria proposed in this work allow for a maximum tripping
time to be set that is significantly shorter than the conventional trip blocking time (proposed
setting), advancing fault detection and clearing, and notably avoiding fault persistence in
time (minimum tripping time saving).

Additionally, a key constraint to the stated problem is the requirement of using
LV-insulated equipment instead of HV-insulated devices. Unlike most existing protec-
tion techniques, which rely on HV-insulated measuring devices, the proposed method
should operate based on current measurements from the cable shield, instead of currents
or voltages on the line or at the converter stations as most of the state-of-the-art afore-
mentioned methods, except for Section 2.5. Previous works have successfully utilized
shield current measurements to detect ground faults in HVDC cables within multi-terminal
networks [42,43], demonstrating notable cost efficiency and technical simplicity.

3. Principles of the Proposed Method

As developed in the previous section, in multi-terminal HVDC power systems, cable
energization must be performed at the rated voltage since it must connect to an already
energized busbar. Energizing long cables results in large inrush currents, even under normal
conditions. These inrush currents should not trigger the cable protection system; otherwise,
the line cannot be energized. However, if a ground fault occurs during energization, the
protection system should trip as quickly as possible. As healthy energization currents can
exhibit high values similar to fault currents, the challenge of differentiating healthy and
faulty cable energization must necessarily be addressed.

This paper introduces a method to differentiate between healthy and faulty HVDC
cable energization based on the circulation of shield currents. Current measurements are
taken at the cable shields, requiring only LV-insulated devices. Ground faults are detected
by analyzing the features of the transient oscillation of these currents [44,45] and comparing
them with specific thresholds. In the following subsections, the theoretical and operational
principles of the proposed method are presented.

3.1. Theoretical Principles of the Proposed Method

In Figure 5, a bipolar HVDC configuration is represented, with positive and negative
polarity cables and a shared grounded neutral point. DC voltage sources and a load resistor
are represented in a generalized form. In this example, a DC link with three cable sections
is considered, with a ground return assumed. The cable shield is grounded at both ends,
and in these shield-to-ground connections, current measurement sensors (A) are installed.
These sensors were included at the DC source end of each cable shield. Figure 5 illustrates
the current distribution in the shields with a ground fault in either pole of the HVDC line
at steady state. The currents circulating upstream and downstream are represented in red
and blue, respectively.

In the event of an internal ground fault in the cable, the fault current circulating
through the shield will have a high value. For a ground fault in the positive DC cable
shown in Figure 5a, the positive shield current sensor will detect the large DC component
with a positive sign. Conversely, if the negative line is healthy, no significant currents will
be measured in the negative shield current sensor. Figure 5b shows the negative cable fault
case in a similar manner.

In this regard, it should be noted that while the number and location of grounding
points—typically in the form of distributed grounding systems in HVDC networks—affect
the magnitude of the shield current, this current will necessarily flow through the cable
shields, attenuated by fault resistance, due to the proximity to the fault, provided that the
shield is grounded at both ends.
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Figure 5. Ground faults in a simple HVDC transmission cable. (a) Current flow for a ground fault in

the second section of positive pole. (b) Current flow for a ground fault in the second section of the
negative pole.

The proposed protective topology, by placing the sensors in the closed shield ground
circuit, ensures proper selectivity, as only faults within the protection zone, specifically
those that cause current to flow through the cable shield, typically resulting from pole-to-
ground faults, will trigger the operation. In the context of multi-terminal HVDC networks,
this protection ensures that only the affected line will trip, leaving the other lines in the
system unaffected, minimizing system disruption and isolating the fault in an efficient
manner. The proposed protection method should be activated during energizations while
other protective schemes are disabled or blocked, ensuring proper coordination through
time selectivity.

The equivalent circuit of the HVDC line under healthy conditions, modeled with
lumped parameters in a 7-section and assuming symmetrical conditions for illustrative
purposes, is depicted in Figure 6. This circuit considers the cable resistance (R¢) and
inductance (L¢), the shield resistance (Rs) and inductance (Lg), the cable-shield mutual
inductance (Mcg), and the cable-to-shield shunt capacitance (C¢cs) and resistance (Rcs),
while neglecting the shield-to-ground capacitance with respect to the solid grounding
connection. The shield current measured at the shield-to-ground connection (Igeq) is
represented for the positive pole as an example. Upon energization by stepwise connection
to the voltage source with initially uncharged shunt capacitors, these behave like short-
circuits presenting minimal resistance to current flow. As the capacitors charge, the voltage
across their terminals increases, resulting in a decrease in current. This phenomenon is due
to the accumulation of charge within the capacitors, which generates an opposing electric
field that resists the inflow of additional charge. Therefore, during normal energization, the
shield current, due to inrush currents, exhibits an initial overshoot followed by damped
oscillations around the zero-value DC component, as the shield currents equal zero in the
steady-state condition.

The surge of shield current that occurs when the line is energized can be significantly
high and depends on the energization voltage, which corresponds to the rated voltage in the
case of multi-terminal HVDC line energization and the load connected upon energization.
Additionally, the surge of current is affected by the cable capacitance, with longer HVDC
transmission lines exhibiting greater shield current flow during energization due to the
additive effect of length on capacitance. Furthermore, temperature, humidity, and other
environmental factors, given their influence on electrical properties, also impact the surge
of shield current. At the converter station side, upstream of the equivalent circuit shown in
Figure 6, the following factors also influence the current spike:
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Converter station capacitance including filter banks and smoothing capacitors;
Inductive elements including transformers and reactors;

Converter impedance;

Switching time and circuit breaker characteristics;

AC system impedance.

The behavior of Iy,;,(t) after the voltage step in Vpc(t) applied at £y = 0 depends
on the nature of the system’s poles, which are determined by the system’s characteristic
equation derived from the governing differential equations. In the high-order response
for Igpieq(t) in the circuit depicted in Figure 6, the contribution of non-dominant poles can
be neglected, and the system can be approximated by a second-order system that will
determine, according to the damping ratio (), whether I;.14(f) exhibits an underdamped
sinusoidal response or a spike followed by exponential decay to zero.

For an underdamped system (¢ < 1), which is the general case in long transmission
lines under healthy conditions and the one that will be considered in this work, a damped
sinusoidal response is developed, with both sine and cosine components in the most
general form, as in Equation (1), where wj, is the natural frequency of the system and
A and B are constant values that can be determined by applying the initial conditions.
Equation (1) can be simplified into Equation (2) if the Ig;17(0) = 0 condition is known, while
if Igpiels — 0O is known at the steady-state condition, then K = 0. The first zero-crossing of
Linierq(t), occurring at t = t, is computed in Equation (3), while the first zero-crossing of the
time derivative of Iy, 4(t), occurring at t = ¢, is computed in Equation (4).

Lipiera () = e 6! {A cos <wn MO + Bsin (wn \/@tﬂ +K 1)
Lipiea(t) = Be ¢! sin (wn ﬁt) o)

T
Lipieta(te) =0 — to = ——F—— 3)
shield ( C) c Wy \/@

/1-72
ALspiela () =0 — ¢ arctan 7 : @)

dt wp/1— 2
The equivalent circuit of the HVDC line under faulty conditions as well as with
lumped parameters, broken down into two 7-sections (upstream and downstream of the
ground fault), is depicted in Figure 7. A general ground fault in a relative location x in the
positive cable with a fault resistance Ry is represented (x = 0 at the converter end and x =1
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CB+

at the load end of the HVDC line). In order to study the behavior of g, in this case, a
similar procedure can be conducted, noting that the shunt capacitance cannot be generally
neglected during energization for all Ry values.

Istietd
A

X'R¢c XxLc (1-x)-Rc (1-x)-Lc
— ANA—— A
xCes | 1 xces 1 rgces 1 axce
2 X-Mcs 2 2 (1-x)-Mes 2
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i A i AN i
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NV

Rs Ls _‘lr‘

CB-

A 2000
E! <o
M 2
Res e Res
2 2
AAAY =000
Rc Lc

Figure 7. Circuit model of the HVDC line considering lumped parameters with a ground fault in the
positive pole.

Adding a ground fault with a fault resistance Ry in the equivalent circuit, as shown
in Figure 7, corresponds to an additional shunt resistance between the faulty cable and
ground, in parallel with the effect of the distributed shunt capacitance over the cable
length. The presence of the ground fault reduces the ground impedance, thus increasing
the damping ratio ({; < {y) depending on the value of Ry and the fault location, making the
system more overdamped. Ground faults closer to the measuring end and with lower Ry
values contribute to greater damping. As a result, the oscillations will decay more quickly
and the response will approach the steady state more rapidly. For a certain fault location,
the system will have a greater damping effect for lower Ry values, and for a sufficiently
low value of R, the system may be overdamped rather than underdamped under faulty
conditions if ¢ exceeds 1 when the ground fault is included.

If the system is underdamped under faulty conditions ({, < {r < 1), upon energization,
an initial overshoot to the peak value is exhibited in Iy;.4, depending on the fault location
and resistance, followed by damped oscillations while settling to the constant DC value
in the steady state, which is reflected in Equation (5). Equation (5) can be particularized
for Lgpierg (0) = 0 and Iy — K (the measured shield current is positive, K > 0, at the
steady-state condition, as a result of the ground fault), resulting in Equation (6). Solving the
zero-crossing condition for Iy,;,14(t), as stated in Equation (7), requires numerical methods or
iterative techniques as the equation combines exponential and trigonometric forms in ¢. If a
solution exists, the system will exhibit a zero-crossing (underdamped response with zero-
crossing). Otherwise, in most cases, this equation will not exhibit any solution, implying
that no zero-crossing will occur, as after the initial overshoot, the response will develop as
damped oscillations around K above the origin, without polarity variation (underdamped
response without zero-crossing). Particularly, if the most extreme theoretical approach
is adopted, assuming that the exponential term is close to 1 for low ¢ values, therefore
neglecting the damping effect, and that at least one zero-crossing is produced, it can be
demonstrated that the first zero-crossing time under faulty conditions (¢, () is larger than
the one under healthy conditions (t. 1), as per Equation (8).

Lgpiera(t) = e~ cwnt [Ccos (wm/l - gzt) + Dsin (wn\/l — §2t>] +K (5)
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Lipiela(t) = =" {—K cos (wn Mt) + Dsin (wn \/@tﬂ +K 6)

K
K2+ D? )

27T + arctan ( — %) =+ arccos
wpy/1—?

27T + arctan (— %) =+ arccos

7T
wny/1— 02 ’ Wn 1_Cf2

In order to find the first derivative sign change of Iy,;.4(t), the expression provided
in Equation (6) will be differentiated and its first zero-crossing will be computed, as per
Equation (9). Similarly, it can be demonstrated that the time for the first derivative sign
change under faulty conditions (f;) occurs later than the one under healthy conditions
(t11), as per Equation (10).

Lipieta(tc) =0 — tc~

K
2 2
K*+D: (8)

_72_
AL Z —i—arctangf %
ML (1) =0 = tg = 9)

dt wp/1— 2

Ky/1-{/2=¢;D
D,/ 1—Cf2+CfK

<tgr= (10)
/ w,ﬂxl—gfz

If the system is overdamped under faulty conditions (¢ > 1), it is worth noting that
a spike followed by an exponential decay to steady state develops without oscillations,
as in Equation (11). This equation can then be simplified into Equation (12) if the ini-
tial condition I,z (0) = 0, the dominant pole condition, and the steady-state condition
Isniels — K are applied under faulty conditions, and the time constant (7) is defined. Ground
faults closer to the measuring end and with lower Rf values contribute to lower time
constants, resulting in faster dynamic evolution to the steady state. As derived from
Equation (12), no zero-crossing is present after t = 0 as Ig;,4(t) follows an exponential
growth evolution toward K (horizontal asymptote). Furthermore, the time derivative of
Liniera(t) expressed in Equation (13) follows an exponential decay toward zero (horizontal
asymptote). Therefore, neither zero-crossing nor derivative sign change are produced if the
faulty system presents an overdamped response.

02 7 +arctan

Lipiera(t) = Cy- €1 4 Cy- €2 (11)
_t

Ishield(t) = K'(l —e T) (12)
Alspjera ,,n K _t

Regardless of the transient response type, the steady-state DC current value after a
faulty energization, corresponding to K in the previous analytical developments, can be
obtained from the equivalent circuit in the steady-state conditions depicted in Figure 8.
The expression for K = Ige(o0) as a function of the fault resistance and location (R¢ and x)
is given in Equation (14). As expected, from Equation (14), it is evident that K is greater
for lower x values (ground faults closer to the converter end, in which shield-to-ground
current is measured) and for lower Ry values, with the solid ground fault (Rf = 0) being the
most severe case.

1 _ x-Re
(lfx)'Rc +Rlouwi‘i’Rc

s-x-(1-x)+R
e } +Rex-(1—x) + Ry

Vbc
K=(1-x)- " =
*Re[1+ =

(14)
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Figure 8. Circuit model of the HVDC line considering lumped parameters with a ground fault in the
positive pole for the steady-state condition.

Finally, it should be noted that the amplitude of the initial oscillations measured at the
shield grounding connection in a healthy energization is influenced by several key factors
related to the system’s electrical characteristics, notably the distribution of the system
impedances, which ultimately affects the effective voltage applied to the distributed cable-
to-shield capacitance, among the factors previously mentioned. For faulty energizations,
characteristic features, such as the peak current in the case of underdamped response, also
depend on the ground fault resistance and location, in addition to the electrical charac-
teristics of the circuit. Therefore, any protection based solely on the current magnitude is
subject to mismatches between healthy and faulty energizations.

3.2. Operational Principles of the Proposed Method

The distinction between the shield current waveform for normal switching-on and a
ground fault can be leveraged to develop a protection criterion to reduce unwanted trips
during cable energization. Thus, ground fault detection is achieved by analyzing the shield
current, Igi14(t), and using a predefined criterion adjusted for a specific threshold time after
energization. In the following, an energization performed at ¢ = ¢y will be considered, and
therefore the protection setting criteria will be referred to as time lapses after energization
(At =t — tp).

One possible threshold setting (At,) is based on the first zero-crossing of the shield
current waveform under healthy energization, as per Equation (15). If, at this time,
the shield current in any energization is present with the same initial polarity above
a certain current threshold not far from zero (g), this implies that DC current is circu-
lating due to a ground fault, and the relay should trip the corresponding breaker, as in
Equation (16). Analogously, the polarity of this current would be the opposite in the case of
the shield current measured in the shield-to-ground connection of the negative pole, as in
Equation (17), allowing for faulty pole identification.

Mo = top—to = [I5kya(0)] (15)
[Ushieta(Ate)] . > lec| >0 — Fault in (+) — Trip (16)
[Lsnietd (Atc)] - < —lec] < 0 — Faultin (=) — Trip (17)

During a healthy energization, the shield currents will exhibit intense oscillations
due to inrush currents, but this is not the case in a faulty energization, as described above.
Therefore, an alternative threshold setting (Af;) is based on the first zero-crossing of the
shield current derivative (i.e., derivative sign change) under healthy energization, as per
Equation (18). If, at this time, the shield current derivative in any energization exhibits the
same initial sign above a certain current threshold not far from zero (g;), this implies that
DC current is circulating due to a ground fault, and the relay should trip the corresponding
breaker. Based on the sign of this derivative, faults in the positive cable, as in Equation (19),
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Energization

and in the negative cable, as in Equation (20), can be detected, as the derivative sign of the
shield current measured in the shield-to-ground connection of the negative pole will be the
opposite. This criterion also allows for faulty pole identification and notably faster tripping
in the event of a faulty energization compared to the zero-crossing criterion.

Algiora "
Aty = td,h —ty = T (O) (18)
h
[W(Afd)] > |ea| >0 — Fault in (+) — Trip (19)
+

It should be noted that e and ¢; represent safety factors to avoid spurious trigger-
ing and false tripping, which can cause slight deviations from zero in the current or its
derivative. These safety margins depend on the HVDC line and its operating environment
(e.g., noise levels, converter stations) and should be fine-tuned during protection commis-
sioning. Furthermore, the sensitivity and selectivity of the proposed method are addressed
in Section 3.3.

Both tripping criteria are illustrated in Figure 9, although they can be combined in
order to enhance reliability. In any case, the characteristics of healthy energization should
be known in order to perform protection setting. It is worth noting that, for the zero-
crossing criterion, the time threshold (At.) should be set at least after the completion of
the first oscillation or semi-period in a healthy energization (i.e., at least for the Af, value
complying with Equation (15)). Similarly, for the derivative sign change criterion, the time
threshold (At,;) should be set at least after the attainment of the first current peak in a healthy
energization (i.e., at least for the At; value complying with Equation (18)). Nevertheless,
a certain time delay can be applied in both cases for reliability purposes. Alternatively,
trip blocking is also possible through this fault detection method, as if the shield current
exhibits zero-crossings or both positive and negative slopes within the threshold time, this
would indicate a healthy energization.

YES

YES o Trip (Fault +) Trip (Fault +)
NO NO
©—> Healthy Energization . Healthy
NO NO
_ YES
Trip (Fault -) Trip (Fault —)
(a) (b)

Figure 9. Summary of the tripping criteria. (a) Zero-crossing criterion. (b) Derivative sign change criterion.

Figure 10 summarizes the different faulty condition cases that have been addressed in
this section according to the response of the faulty circuit to energization (underdamped
responses with and without zero-crossing and overdamped response), and illustrates the
practical application of the tripping criteria in all three cases. It should be noted that the
characteristic transient response of the faulty circuit in Figure 7 depends on the RLC values
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Shield
current

Non-zero

Cable
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derivative at At,
in all faulty cases

of the same that give rise to the characteristic constants, therefore, the response is expected
to be different for each HVDC cable.

Faulty (overdamped)

Non-zero value at At,
in all faulty cases

Faulty (underdamped without zero-crossing)

Zero-crossing later than At,

Faulty (underdamped with zero-crossing)

CNNF ) g

to

\—‘\ Time

Healthy

Proposed setting (zero-crossing criteria, At.)

Proposed setting (derivative sign change criteria, Aty)

Figure 10. Graphical summary of the tripping setting and different faulty shield currents according
to the characteristic response of the faulty circuit to energization (fault in the positive pole).

Although normal switching operations can cause step-type load changes causing
step currents in both the bus and ground circuits, the transient currents in the ground
circuit—mainly due to cable-to-shield ground capacitance—are much smaller than for
ground faults. This method leverages the predictable behavior of healthy energizations,
where zero-crossings occur at expected intervals, ensuring that normal load changes do not
trigger false fault indications. This discrimination even holds for high-resistance ground
faults, as healthy switching maneuvers do not produce a steady-state DC component,
unlike ground faults.

3.3. Selectivity and Sensitivity of the Proposed Method

Zone selectivity ensures that only internal pole-to-ground faults within the protected
cables will trigger the protection system during energization. In fact, the shield currents
are influenced by the inductive coupling or mutual inductance between the conductor and
the shield, while all other coupling or circuit continuities with other systems are negligible.
As a result, the proposed topology ensures that shield current sensors detect disturbances
exclusively within the local protection zone: only faults within this zone will trigger the
protection system. Faults occurring outside the protection zone will not induce current
through the monitored cable shield, leaving the cable grounding circuit and the inductive
coupling within the protected zone unaffected. Zone selectivity is a strict requirement in
multi-terminal HVDC networks, where only the affected line should be isolated to prevent
disruption to the rest of the system.

Time selectivity, on the other hand, refers to the coordination of protection timing
with other relaying functions. The proposed function is designed to solely activate during
energizations, as it operates within the time window corresponding to the first half-cycle of
the shield current waveform. If no fault is detected within the time intervals (At or Aty),
the protective function is deactivated, and conventional HVDC protective schemes should
take the responsibility for detecting the fault.

According to the principles described in Sections 3.1 and 3.2, in any faulty energization,
the shield current will necessarily exhibit a non-zero value at At;, and a non-zero derivative
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at At,, regardless of the type of characteristic response. These unique electrical signatures
form the basis of the operational principles to detect faulty energizations, inherently pro-
viding selectivity. However, several factors that could lead to false tripping should be
considered for fine-tuning during protection commissioning:

1.  Electromagnetic interference (EMI): Inductive coupling, capacitive coupling, or im-
proper grounding with multiple earth references can induce low-frequency transient
currents in the cable shield, potentially mimicking fault conditions and leading to
false trips if the protection system is not properly set.

2.  High-frequency oscillations: Converter operations, high-frequency external noise,
or transient conditions in the network can trigger false fault detections if the protec-
tion system settings are inadequate. High-frequency random noise also falls under
this category.

3. Measurement noise: External interference or sensor inaccuracies can introduce high-
frequency noise spikes that exceed the threshold and cause a false trip. Particularly,
the signal-to-noise characteristics of the current sensors used in any implementation
of the method should be subjected to study.

Considering the possible presence of these false tripping factors, an initial healthy
energization should be performed in any specific implementation of the method, in order
to extract the required setting parameters. Each specific application of the method implies
unique RLC cable parameters, resulting in different time constants and circuit responses
to the step voltage (e.g., underdamped with or without zero-crossing, or overdamped) as
well as particular environmental noise sources. Additionally, the value of Rfimpacts the
characteristic response of the faulty circuit, which may vary from that of the healthy circuit.
Therefore, a detailed case-by-case analysis is required to fine-tune the protection system in
each practical implementation.

An example of the analysis of false tripping factors and the fine-tuning process for
protection setting is provided in Section 5.4, which also evaluates the selectivity and
sensitivity of the proposed method in the practical case.

4. Computer Simulations
4.1. Simulation Model

To validate the premises described above, computer simulations were conducted using
ATPDraw® software [46], version 5.9p4, a graphical, mouse-driven preprocessor to the
Alternative Transients Program (ATP) version of the Electromagnetic Transients Programs
(EMTP) on the MS-Windows® platform. This choice was based on the proven effectiveness
in handling the intricacies of HVDC systems including detailed modeling of the cable
characteristics, converter behaviors, and fault analysis.

Figure 11 illustrates the model used for the simulations. This model comprises three
sections of a 220-kV DC link (SEC-1, SEC-2 and SEC-3), each section being 100 km long.
The cable’s cross-section configuration is shown in Figure 12. Table 1 presents the technical
and dimensional features of the HVDC cable used in these simulations. The characteristic
impedance of the cable was included in the model to account for reflections and interactions
at the terminations. The HVDC converter was modeled as a 12-pulse thyristor bridge. A
main DC circuit breaker was placed at the sending end of the HVDC cable. The closing of
this circuit breaker allowed us to energize the HVDC line.
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Figure 11. Simulation model overview.
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Shield
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Figure 12. HVDC cable cross-section and main dimensions.
Table 1. Characteristics of the simulated HVDC cable.

Symbol Magnitude Value Unit
oAl Aluminum resistivity 2.82 x 1078 Qm
0Al Copper resistivity 1.71 x 1078 Qm
Ecs Conductor-to-shield relative permeability 2.5
Ese Shield-to-ground relative permeability 2.3

l Cable section length 100 km
Vu,pc Rated continuous DC voltage +320 kV
Vsiwr,bc+ Switching impulse withstand level (SIWL) 698 kv
VSIWL,Dcf Subtractive SIWL 378 kV
Inpc Rated continuous DC current 1638 A
Omax Maximum conductor temperature 70 °C
Ropec DC resistance at 20 °C 0.0072 Q/km
Rypoc DC resistance at 0.0087 Q/km
P(I,pc) Losses at the rated current 23.3 W/m
C Capacitance 0.28 puF/km
L Conductor-to-shield inductance 0.127 mH/km
Zy Surge impedance 214 Q
Isc,c Max. short-circuit current during 0.2 s 32 kA
Isc.s Max. short-circuit shield current during 0.2 s 16 kA

The time-domain simulations were performed with a fixed step size of 107 s to ensure
accurate representation of rapid transient phenomena. The cable was modeled with Sem-
lyen’s frequency-dependent parameters, considering a frequency-dependent simple fitted
model [47], accounting for the variations in cable impedance with changing frequencies
encountered during the transient. The simulation boundary conditions regarding cable
terminations were modeled as a voltage source to apply the rated DC voltage during
energization on the sending end, and as an equivalent resistive load to emulate 50 MW
power transmission on the receiving end. Regarding grounding boundary conditions, the
shield terminals were grounded through grounding resistors (Rgpieig 1 = Repieis 2 = 0.1 Q0) at
both side ends. The simulation’s initial conditions implied cable voltage and currents set to
zero during the pre-energization stage.

Healthy condition simulations as well as several faulty condition simulations cor-
responding to ground faults with different fault resistance values (Rg,;) occurring at a
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point located 50 km into the first section (between section SEC-1A and section SEC-1B in
Figure 11) were conducted. The faults were simulated by initially closing the fault switch.

4.2. Healthy Energization Simulations

Once the simulation parameters were established, several healthy energization simula-
tions were conducted. In Figure 13, the current evolution in the cable shield near the power
source is displayed, measured at the shield-to-ground connection of the positive pole when
the cable is energized under healthy conditions. Both no-load and 50 MW load condition
energizations are presented. The energization was performed 100 ms after the simulation
started for the no-load case, and 105 ms for the loaded case. The shield current waveforms
exhibited underdamped responses, with initial oscillations with characteristic periods of
approximately 30 ms, which were dampened to a zero-value DC component at steady-state
conditions. The damping was greater for the loaded energization (58.10% attenuation)
than for the unloaded energization (33.26% attenuation). The extinction of the energization
current could clearly be observed at approximately 400 ms after the energization for the
no-load case, and at approximately 300 ms for the loaded case. This oscillating characteristic
and damping to zero are indicators of successful energization.

2000
—— Shield current - No load
1500 N
— Shield current - 50 MW load
1000 —
g 500 - —
5
g 0 """Aw g 0O gp o
- Derivative-changes
E 2000 T . .
B 500 - 1500} h
/ l 1000+
Energizations / 500k
-1000 - 0 —
500
-1000F 5 :
ero-crossings
-1500 - 1500} 1
20981 011 012 013 0.14 015 0.16
-2000 | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Figure 13. Simulation results. Shield currents for healthy energizations: no-load and 50 MW
load cases.

In Figure 13, it can be observed that the first shield current zero-crossings occurred at
14.638 ms and 20.018 ms after energization for the no-load and 50 MW load cases, respec-
tively. Differences in the zero-crossing times imply different At. time threshold settings
(At; = 14.638 ms and At. = 20.018 ms, respectively), in accordance with Equation (15). Ad-
ditionally, in Figure 13, it can be observed that the derivative sign changes occurred at
6.691 and 10.067 ms after energization for the no-load and 50 MW load cases, respec-
tively. Once again, different At; time thresholds should be set (At; = 6.691 ms and
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Aty = 10.067 ms, respectively) in accordance with Equation (18). The derivative sign
change criterion allowed for earlier fault detection than the zero-crossing criterion (At; <
At) in any of the cases. These findings are aligned with the principles described in Section 3
and will be employed for fault detection in the following.

4.3. Faulty Energization Simulations

In the event of a faulty energization, the shield current near the power source reaches
higher values than in the healthy energization. Figures 14a and 14b illustrates the shield
current at the power source end, measured at the shield-to-ground connection of the
positive pole for unloaded and 50 MW loaded condition energizations, respectively. In
both cases, the cable was assumed to have an internal ground fault 50 km from the power
source in the positive pole (between section SEC-1A and section SEC-1B in Figure 11). The
energization was performed 100 ms after the simulation started. Different fault resistance
(Rf) values were considered for each load condition: 0.01, 1, 10, and 100 Q.
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Figure 14. Simulation results. Shield currents for energizations with a ground fault at 50 km for
different fault resistance values (Rr=10.01, 1,10 and 100 ): (a) no-load condition; (b) 50-MW load.

The results uphold the contribution of the ground fault to increasing the damping
of the shield current measured in the transient stage after energization, with lower R¢
values implying greater damping effect, eventually turning overdamped for the tested R
values of 0.01, 1, and 10 (), as it can be seen in Figure 14. In this respect, the oscillations
were negligible compared to the DC component for low Rf values but they started to be
significant for higher Ry values, as it can be seen for Ry =100 Q). Furthermore, as expected,
the steady state the DC component attained after the transient stage was greater for more
severe faults (i.e., for lower Ry values).

The results showed that during the faulty energizations, the shield current only had a
positive sign throughout the entire process and subsequent time. Analogously, this current
remained negative throughout the process and subsequent time if the fault was performed
in the negative pole. In all faulty cases, the shield current settled to a constant DC value
with the corresponding polarity in the steady state. Thus, no zero-crossing was attained
in the shield current waveform. Comparing Figures 14a and 14b, it was observed that the
differences in shield current, measured at the shield-to-ground connection at the power
source end, for loaded and unloaded conditions, were not significant. For example, 20 ms
after energization, the shield currents attained 5.2, 4.8, 4.1 and 1.6 kA for fault resistances
of 0.01, 1, 10, and 100 €, respectively. These values, significantly above zero, uphold the
applicability of the zero-crossing criterion as per Equation (16). It can be derived that fault
detection based on the zero-crossing criterion becomes more challenging for higher Ry
values, as the current values approach the ones achieved under the healthy condition.
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The results also showed that during the faulty energizations, the shield current deriva-
tive only had a positive sign throughout the entire process and subsequent time for tested
Rf values of 0.01, 1 and 10 (), as these responses were assimilable to a second-order over-
damped transient. This evidences the applicability of the derivative sign change criterion
for faulty overdamped evolutions, although it becomes more challenging for higher Ry
values such as Rf =100 ), for which the response is underdamped and the first derivative
sign change approaches the one achieved under the healthy condition.

The shield current waveforms for healthy and faulty energizations are presented in
Figure 15 for the no-load case as an example, with a certain time difference for clarity
purposes. The faulty energizations corresponded to the less severe and thus most chal-
lenging studied ground fault (R¢ = 100 3). In this figure, the time threshold settings at
their minimum operable values, according to the previously described healthy unloaded
energizations, are indicated for both tripping criteria (At, = 14.638 ms and At; = 6.691 ms).
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Figure 15. Simulation results. Shield currents: comparison between no-load healthy and faulty
energizations. Ground fault at 50 km with R =100 Q.

In Figure 15, for the zero-crossing criterion, at the threshold time of At. = 14.638 ms
after energization, the current was zero for the healthy energization and 1.82 kA for a
faulty energization (R¢ = 100 (), complying with the criterion established in Equation (16).
However, if the minimum time lapse under healthy conditions is known (14.638 ms in this
case), a time delay could be operable. For example, for a setting of 15 ms after energization,
if within this time the current has not yet exhibited a polarity change, the ground fault can
be inferred. This criterion can even be easily applied for higher Ry values, as long as the
faulty shield current is non-negligible.

Similarly, for the derivative sign change criterion, for the threshold time of At; = 6.691 ms
after energization, the derivative was zero for the healthy energization, while for the faulty
energization, the shield current continued to grow with a clearly possible derivative, com-
plying with the criterion established in Equation (19). Once again, if the minimum time
lapse under healthy conditions is known (6.691 ms in this case), a time delay above this
value could be operable. For example, for a setting of 7 ms after energization, if within
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this time the current has not yet exhibited an extremum, the ground fault can be inferred.
This criterion allows for faster tripping, but it should be managed carefully, as for higher R¢
values, the extremums for faulty and healthy energization can be close in time (in this case,
10.991 ms under the faulty condition with respect to 6.691 ms under the healthy condition,
which is still an operable difference).

The numerical application of the tripping criteria to the simulations results is presented
in Table 2.

Table 2. Numeral application of the tripping criteria to the simulation results for a ground fault in the
positive pole at 50 km, with settings of At. = 14.638 ms and At; = 6.691 ms.

Rf [Q] Ishield [kA] at Atc (16) Veriﬁed dIshield/dt [kA/S] at Atd (19) Veriﬁed
0.01 5.38 18.1
1 4.92 16.3
10 4.88 Yes 12.2 Yes
100 1.82 6.4

It is worth noting that in the case of a loaded energization, the same logic would
apply, with the threshold setting being performed according to the corresponding loaded
healthy energization characteristic. For a ground fault in the negative pole, the results
are analogous, but for negative polarity, Equations (17) (the current remains with a non-
negligible negative value after At.) and (20) (the current continues to decrease instead
of attaining a local minimum within Af;) are applied. Furthermore, according to the
shield grounding connection for which these conditions are satisfied (positive or neg-
ative), the faulty pole can be easily identified. However, it is clear that fault location
cannot be determined by current amplitudes, as they are dampened by the fault distance
and resistance.

From Figures 14 and 15, it can be derived that if ordinary derivative-based (di/dt)
protection functions are applied during energization, the system would lack selectivity,
failing to distinguish between healthy and faulty energizations, especially in the case of high
fault resistance. Indeed, if the fault goes unnoticed by the di/dt function, the persistence
of the final DC component through the cable shield can be dangerous or even destructive.
Additionally, if commonly used overcurrent (i>) protection functions are applied during
energization, the system would also fail to distinguish between current peaks in healthy
and faulty energizations with high fault resistance. Nevertheless, alternatively, overcurrent
protection could be applied after the zero-crossing time threshold, although the fault
detection would be largely delayed with respect to the proposed criteria.

In conclusion, the simulation results validate the method for ground fault detection
during energizations. The differences in the shield current or derivative values, with respect
to the healthy energization characteristic, are adequate indicators to effectively determine
whether an energization is healthy or faulty. The derivative criterion allows for faster fault
detection than the zero-crossing criterion, although for high fault resistance faults, the latter
setting is more suitable. A combination of both criteria would increase the reliability of
the protection.

5. Experimental Tests
5.1. Experimental Setup

To verify the proposed method, numerous laboratory experimental tests were con-
ducted. The schematic layout of the experimental setup is depicted in Figure 16. This setup
included an AC power supply connected to an autotransformer capable of varying the
voltage between 0 and 400 V, and a 400/100 V A-Y step-down transformer that isolated
the experimental setup from the laboratory ground. Additionally, a three-phase LV circuit
breaker was used as the energization switch. A full-wave rectifier consisting of six diodes, a
C =13 uF capacitor bank with an intermediate common grounded neutral point, and 300 m
of coaxial cable (comprising three 100 m sections) were connected. The main characteristics
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of each cable section were R = 1.8 (), L = 22 mH, and C = 4.9 nF. The shields had identical
RLC values. At the end of the cable, a 100 Q) resistor emulated the load. The cable shields
were grounded at both ends.
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Figure 16. Schematic layout of the experimental setup. A ground fault in the positive cable at point
B-B’ and a 100 Q) resistive load is represented.

The terminals of each 100 m cable section and their respective shields were accessible.
Thus, in Figure 16, these terminals are represented as A, B, and C for the conductor at
locations 0, 100, and 200 m from the rectifier side, respectively, and A’, B’, and C’ for
the corresponding shield points, along the positive cable. Similarly, along the negative
cable, terminals X, Y, and Z for the conductor and X', Y’, and Z’ for the corresponding
shield points were enabled at the same mentioned locations. This allowed for ground fault
performance at these locations. A rheostat was used to emulate fault resistance, allowing
short-circuiting of the cable or its respective shield within a range of 0 to 600 (). Particularly,
for these experimental tests, fault resistance values of 0, 1, 10, and 100 (2 were used.

Regarding the measuring instrumentation, two current clamps were placed in the
shield ground connection at the power source end in order to monitor the shield currents
(CH1 for the positive cable shield and CH2 for the negative cable shield). These currents
were recorded by an oscilloscope. A voltmeter was placed at the DC side terminals of the
rectifier to control the voltage during the tests (50 Vpc). A caption of the experimental
setup, indicating all the described elements, is shown in Figure 17.

/es “E; TN

5_" 4,;«\\\‘.;3@‘: A -

Figure 17. Experimental setup (1: AC power supply, 2: autotransformer, 3: step-down transformer,
4: energization switch, 5: three-phase rectifier bridge, 6: capacitor bank, 7: 300 m DC cable, 8: resistive
load, 9: ammeter clamp, 10: voltmeter, 11: oscilloscope, 12: rheostat).
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5.2. Healthy Energization Tests

Different healthy energization tests were conducted under a 100 Q) resistive load at
50 Vpc. Figure 18 shows the shield current evolution monitored in both the positive and
negative cables” shield-to-ground connections (sensors CH1 and CH2) during a healthy
energization. Underdamped, though with less and more attenuated oscillations, was
observed in the transient period in comparison with the simulations. These oscillations were
rapidly dampened, and after current extinction at approximately 2 ms after energization,
no significant currents were registered in the steady state. The current oscillations around
zero in the steady state can be attributed to the rectifier, and the oscillating characteristic
and settling to zero are indicators of successful energization.
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Figure 18. Experimental results. Shield currents for a healthy energization with a 100 Q) resistive load,
Vpc =50 V.

According to Figure 18, the shield currents dropped to zero approximately 2 ms
after energization. This was the time corresponding to the first zero-crossing exhibited
by these currents, at which threshold Atf. should be set, according to Equation (15). On
the other hand, for the derivative sign change criteria, At; can be set at 0.18 ms, which is
the first zero-crossing exhibited by the derivative (i.e., the first local minimum (negative
pole measurement) or maximum (positive pole measurement)), as per Equation (18). As
previously mentioned, it is apparent that the derivative sign change criterion allows for
faster fault detection than the zero-crossing criterion (At; < At.). These experimental results
are consistent with the principles described in Section 3 and the results obtained from the
simulations, and were employed for fault detection in the following.

Moreover, from Figure 18, the fine-tuning of &, and ¢; can be performed based on the
high-frequency noise in the shield current signal and the oscillations around zero during the
steady-state conditions due to rectification. Specifically, &; can be set to the highest observed
current spike in Figure 18 (¢, = 85 mA), while g; can be established at the maximum slope
exhibited during the oscillations (i.e., at the inflection points (¢; = 50 A/s)).

It should be noted that the cable selection was carried out to closely match the char-
acteristics of full-scale HVDC cables, with comparable RLC parameters per unit length
to reflect the behavior of long HVDC cables. As no additional components such as re-
sistors, inductors, or capacitors were used to compensate for the scaling of time con-
stants, particularly those related to RC parameters, due to the difference in cable dimen-
sions, the transient responses were found on a shorter time scale and therefore exhibited
more attenuated oscillations compared to the simulated full-scale HVDC system. Despite
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this difference, the shield currents displayed the same characteristic behaviors as those
expected from a full-scale system. This consistency further validates the scaled-down
experimental platform.

5.3. Faulty Energization Tests

Furthermore, various ground fault tests were conducted in the three cable sections,
both between the positive and negative cables and shields. The shield currents on the
rectifier side grounding connections were recorded, showing different transient waveforms.
Different fault resistance (Ry) values were tested: 0, 1, 10, and 100 Q). For example, as shown
in Figure 19 (fault at B-B’, i.e., 100 m from the source in the positive cable) and Figure 20
(fault at Y-Y’, i.e., 100 m from the source in the negative cable), for a solid ground fault
(R =0 Q), the shield current increased rapidly in the faulty pole with invariant polarity
throughout the energization and subsequent time, without attaining any zero-crossing.
When the currents reached steady-state operation, they settled in a DC component with
the same corresponding polarity in the faulty pole shield. Because of the symmetry of the
problem, opposite results were achieved for faults in the positive and negative poles, as
seen in Figures 19 and 20. Therefore, by observing the current polarity or current derivative
sign, the faulty cable can be easily identified.

2.5\ T T
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2+ Current in shield. Sensor CH2|
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Figure 19. Experimental results. Shield currents for a faulty energization with a 100 Q) resistive load,
Vpc =50 V. Ground fault at B-B” with Ry =0 Q.
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Figure 20. Experimental results. Shield currents for a faulty energization with a 100 Q) resistive load,
Vpc =50 V. Ground fault at Y-Y” with R =0 Q).
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Moreover, it is worth noting that, as per Figure 5 and Equation (14), the steady-state
DC component of the shield current (K) depends on the applied voltage at the energization
instant (Vpc) as well as on the system’s resistive parameters (R¢c and Rg). Therefore, in
the experimental tests, the resulting DC component had a lower value compared to that
in the full-scale HVDC cable simulations. However, despite this difference, the shield
currents exhibited the same characteristic steady-state behavior, with K ~ 0 for healthy
energizations and K # 0 faulty energizations. This consistency between the scaled-down
experiment and the full-scale model further validates the reliability of the approach.

Table 3 shows some current features registered at the shield grounding connections
during faulty energizations (peak current, I, and DC steady-state current, Ipc) at ends
A’ and X’ by sensors CH1 and CH2, respectively, for faults along both the positive and
negative poles considering a 100 (2 resistive load, 50 V¢ voltage supply, and Ry =0 ). As
previously stated, ground faults in the positive or negative poles produce higher peaks
during the energization of transient and DC components in the steady state in comparison
with healthy energizations. These currents have the sign of the DC pole where the ground
fault is located. However, fault location cannot be determined by current amplitudes, as
they are dampened by the fault distance and resistance.

Table 3. Ground fault currents in the shield for different fault locations and zero fault resistance (Rf=0).

Sensor CH1 Sensor CH2
Condition Fault Location

Ipeuk [A] Ipc [A] Ipeuk [A] Ipc [A]

Healthy n/a 0.472 —0.011 —0.440 0.020

Fault A-A 4.440 0.867 ~0.720 0.025

ositive yole B-B’ 2.160 0.449 ~0.400 0.029

p p c-C’ 1.360 0211 —0.416 0.009
Fault XX 0.720 ~0.007 —4.080 ~0.826
e aﬁvey ole Y=Y’ 0.512 ~0.005 ~1.600 —0.456
gatvep 7-7 0.480 —0.006 —2.040 ~0.176

Figure 21 shows the measurement results captured in CH1 for faulty energizations
with Ry values of 0 (solid short-circuit), 1, 10, and 100 Q) for ground faults at point B-B’. In
the experimental tests, greater oscillations were observed with respect to the simulation
results, this time obtaining an underdamped response in all faulty cases. It was verified
that for lower R¢ values, the damping effect on the shield current, the overshoot, and the
steady-state DC component are greater.

2.5 \
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Figure 21. Experimental results. Shield currents in the positive pole for a faulty energization with a
100 Q) resistive load, Vpc = 50 V. Ground faults at B-B” with fault resistances Rf =0,1,10,and 100 Q.
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Additionally, the results show that during the faulty energizations, the shield current
only had a positive sign throughout the process and subsequent time in all cases, settling
to the corresponding constant DC value with the same polarity. Analogously, this current
would have the opposite polarity if the fault was performed in the negative pole. Thus,
no zero-crossing was attained in the shield current waveform, upholding the applicability
of the zero-crossing criterion. Nevertheless, it can be derived that this fault detection
criterion faces greater challenge for higher Ry values for which the captured values are not
sufficiently high in order to trip reliably. Among the studied Rf values, Ry =100 (2 was the
most challenging, although it still implies shield current values considerably above zero
that enable the fault detection through the zero-crossing criterion. On the other hand, the
applicability of the derivative sign change criterion also presents a greater challenge for
higher Ry values, as the lower damping effect may place the peak time close to the one
under the healthy condition, requiring high-sensitivity measurement devices in order to
capture the difference with respect to the threshold.

The shield current waveforms measured by sensor CH1 for healthy and faulty en-
ergizations are presented in Figure 22, with a time difference between energizations for
clarity purposes. The faulty energization corresponds to the less severe, and therefore
most challenging studied ground fault for both tripping criteria (R¢ = 100 2), at the same
fault location B-B’. According to Figure 22, the adjustment of the tripping threshold at its
minimum operable value would imply At, = 1.91 ms for the zero-crossing criterion stated
in Equation (15). At the threshold time of At, = 1.91 ms, the current is zero for the healthy
energization and 165 mA for the faulty energization, complying with the tripping criteria
established in Equation (16). For any delay above the threshold, the currents are sufficiently
separated to enable proper fault detection. Similarly, the adjustment for the derivative
sign change criterion stated in Equation (18) would imply At; = 0.18 ms. At the threshold
time of At; = 0.18 ms, the current derivative was zero for the healthy energization, while it
was significantly positive for the faulty energization, complying with the tripping criteria
established in Equation (19).
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Figure 22. Experimental results. Shield currents for healthy and faulty energizations (ground fault at
B-B’ with Ry =100 (2) with a 100 (2 resistive load, Vpc =50 V.

The numerical application of the tripping criteria to the experimental results is pre-
sented in Table 4.
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Table 4. Numeral application of the tripping criteria to the experimental results for a ground fault in
the positive pole at B-B’, with settings of At; = 1.91 ms and At; = 0.18 ms.

R¢ [O] Lshiela [mA] at At (16) Verified  dIgp;eq/dt [kA/s] at Aty  (19) Verified
0 510 —-12.5
1 497 —-9.1
10 406 Yes 82 Yes
100 180 —3.4

5.4. Discussion on the Selectivity and Sensitivity of the Proposed Method
5.4.1. Analysis of False Tripping Factors and Fine-Tuning

The experiments were carried out in a laboratory environment, accounting for several
factors that could induce false tripping such as electromagnetic noise, harmonic distortion
caused by the rectification with limited filtering, and measurement noise introduced by the
current clamps used as sensors, as discussed in Section 3.3.

Each false tripping factor is hereby analyzed. The fine-tuning of the protection system
is also described, which was performed according to the procedure described in Section 3.3
(i.e., by conducting an initial healthy energization to determine the optimal settings Af,
and At,, and finely adjusted thresholds ¢. and ¢;).

To assess the impact of electromagnetic noise on the shield current measurement, the
time-domain current signal from the initial healthy energization was decomposed into its
frequency components. The power spectral density and the value of the noise across the
frequency spectrum were then computed, enabling an evaluation of the total deviation of
the noise from zero.

Harmonic distortion due to limited filtering in the laboratory environment was evalu-
ated by analyzing the harmonic content of the current during the initial healthy energiza-
tion. The total harmonic distortion (THD) was quantified and related to the characteristic
component of the shield current in order to determine its actual impact.

To investigate measurement noise introduced by the current clamps, the signal-to-
noise ratio (SNR) was analyzed, as a low SNR can increase the probability of false tripping
due to measurement noise. This analysis was conducted over various cable energizations,
leading to the conclusion that the noise introduced by the measurement device could be
modeled as zero-centered Gaussian noise.

Since the three noise sources—electromagnetic, harmonic and measurement—are
independent, they were combined quadratically to set a conservative threshold. The total
fluctuation was set at three times the combined mean noise value: ¢, = 85 mA (16.90% of
the peak value during a healthy energization). On the other hand, ¢; was simply tuned by
analyzing the maximum error in the derivative calculations obtained from constant shield
current tests, yielding a value of e; = 50 A/s. These threshold values represent the critical
current and current-derivative that could lead to false tripping due to the cumulative effect
of the mentioned factors.

5.4.2. Selectivity Assessment

The selectivity of the proposed method, defined as its ability to distinguish between
faulty energizations and normal system transients including those from healthy energiza-
tions is reinforced by the conservative threshold settings, which account for the various
noise sources (electromagnetic, harmonic, and measurement noise).

The noise assessment integrates the contributions from all noise sources to ensure
that the system is robust against fluctuations. The established thresholds ensure that no
false tripping occurs during healthy energizations, as the noise-induced current is below
the limits. The margin between the noise levels and the current threshold provides a safe
buffer, preventing unnecessary trips during normal operations.

The results demonstrate the system’s capability to discriminate between healthy and
faulty energizations. The zero-crossing criterion provided a selectivity factor of 6000 for
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solid faults, meaning that the fault-induced current was 6000 times larger than the noise-
induced fluctuations. Even in the case of high-resistance faults, the selectivity remained
robust, with a ratio of 2.25 between the fault current and the detection threshold. This
ensured that the system remained highly selective, minimizing the risk of false tripping
during normal energizations.

For the derivative sign change criterion, the system exhibited a selectivity ratio of
250 for solid faults and 68 for high-resistance faults. This criterion outperformed the zero-
crossing criterion for higher fault resistance values. The fault-induced derivative of the
shield current significantly exceeded the noise-induced derivative fluctuations, allowing
the system to quickly and accurately distinguish between transient faults and normal
operating conditions.

5.4.3. Sensitivity Assessment

The results indicate the high sensitivity of the proposed method, defined as its ability
to detect even less severe faulty energizations, particularly those with ground faults with
high fault resistance. This sensitivity was achieved by setting the thresholds based on the
detailed noise analysis, allowing the system to detect low-magnitude fault currents without
being influenced by noise.

For instance, the experimental results showed that the system could reliably detect
faults with resistance values as high as Ry =100 ). The calculated ratio between the mea-
sured shield current and the threshold for these high-resistance faults was 2.25, indicating
that even in the worst-case scenario (highest fault resistance), the fault current remained
significantly above the detection threshold. This ensures that the protection method retains
high sensitivity to ground faults, even when the fault current is heavily attenuated by
fault resistance.

Furthermore, the ratio between the actual fault current derivative and the thresh-
old ranged from 250 for solid faults to 68 for high-resistance faults. This further under-
scores the system’s sensitivity to faulty energizations, ensuring that even subtle varia-
tions in the shield current derivative, such as those caused by high-resistance faults, are
reliably detected.

5.5. General Discussion

The experimental results strongly uphold the research on the zero-crossing method,
while the shield current remains non-negligible with the same polarity as well as the
derivative sign change setting method, so the shield current presents a sufficiently large
derivative when the threshold time is attained. Larger-scale experimental tests are necessary
to thoroughly analyze the derivative sign change setting method, as the method can
be compromised if ground faults with high fault resistance can approach a peak time
similar to the one corresponding to healthy conditions. Due to computation and resolution
requirements, especially for higher fault resistance energizations (Ry values significantly
above 100 (), the implementation of the derivative change sign setting option in small-scale
DC laboratory setups needs appropriate devices with high-resolution data acquisition.

Evidently, in the case of a ground fault at Y-Y’, the results would be analogous with
opposite polarity, applying Equations (17) and (20). Furthermore, it was again verified
that according to the shield grounding connection for which these conditions are satisfied
(positive or negative), the faulty pole can be easily identified as opposed to the fault location,
which is hampered by the dependence on the fault distance and resistance.

The results obtained from the experimental tests are consistent with the simulation
results, despite the differences in transient behavior due to the differences in RLC param-
eters, which resulted in different time constants, leading to different damping effects on
the responses to energization. Moreover, it has been demonstrated that the theoretical and
operational principles of the proposed method extend their applicability to the different
possible transient behaviors.
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The threshold settings according to the healthy energization characteristic and the ap-
plication of the protection method to faulty energizations were carried out at experimental
LV without significant differences. Both criteria were verified, confirming that the deriva-
tive sign change criterion allows for faster fault detection to the detriment of reliability for
higher fault resistances, while the other way around, the zero-crossing criterion ensures
reliability for higher fault resistance at the expense of fault detection time.

The non-suitability of di/dt protective relaying to detect faulty energizations with high
Rf ground faults was equally derived from the experimental results, as notable differences
were not observed between the derivative behavior of inrush currents and that of ground
faults. Similarly, the non-suitability of i> was also sustained by the experimental results, as
the magnitude of inrush currents has been demonstrated to be close to that of fault currents
in certain cases. By implementing correct protection coordination by setting a time delay or
the blocking of di/dt and i> relaying functions during energization, unwanted trips during
healthy energizations can be avoided, and protection against faulty energizations, even for
high Ry ground faults, can be ensured through the proposed method.

6. Conclusions

This paper proposes a novel method for distinguishing between the healthy and faulty
energizations of HVDC cables, based on the real-time monitoring of the currents at the
grounding terminals of the cable shield. This approach avoids mismatches in protection
systems and false tripping. Moreover, this method eliminates the need for the trip blocking
delays typically required in conventional ground fault protections, enabling earlier and
more reliable tripping and fault clearing, thus reducing potential damage to the cable and
the converter.

During both healthy and faulty energizations, transient leakage currents circulate
through the HVDC cable shields, but their transient behaviors differ substantially. These
differences were leveraged to develop the proposed method. The method involves set-
ting the tripping time to the zero-crossing of the shield current waveform for a healthy
energization. If the current remains non-zero after this time, it implies the presence of a
ground fault, prompting the relays to initiate the tripping sequence. Alternatively, the
tripping time can be set according to the current’s first derivative sign change, allowing for
faster tripping at the cost of reliability for high-resistance ground faults. Fine-tuning the
protection system parameters requires an initial healthy energization performed during the
protection commissioning phase.

The protection method was verified through extensive computer simulations and
experimental tests, yielding satisfactory and consistent results with fair response times,
defined as the minimum time period during which the current waveform is expected to
oscillate sufficiently to detect the fault.

A major advantage of this technique is that it eliminates the need for HV devices by
measuring currents in the cable shields, thereby remarkably reducing the investment costs.
This method can improve HVDC line protection through proper coordination, overcoming
the limitations of conventional methods during energizations, especially for high fault
resistance ground faults. Otherwise, the lack of selectivity of these protections can lead to
destructive consequences for HVDC equipment in the event of faulty energizations.

Future work may extend this study to precise fault location. While the proposed
method can effectively identify the faulty cable, it does not pinpoint the exact fault location.
Additionally, larger-scale tests should be conducted on HVDC transmission cables to
obtain more representative results by aligning the electrical parameters—and therefore the
transient behaviors—to those of real-scale HVDC lines. With further testing in larger-scale
systems, more precise evaluations of the method’s performance including selectivity and
sensitivity could be achieved.
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