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A B S T R A C T   

Single-ended protection systems present the characteristics needed to fulfil the restrictive speed requirement 
related to high voltage direct current grids. This paper proposes a novel single-ended protection algorithm based 
on the DC voltage across the limiting inductors placed at each link end. Voltage measurements are taken at both 
terminals of the limiting inductors. The ratio between the link- and bus-side voltages enables fault discrimination 
between forward and backward fault conditions while providing directionality. Moreover, the derivative of the 
voltage-ratio is calculated in order to enable fast fault detection. The combined operation of these two algorithms 
avoids nuisance operations against fluctuations and close-up external faults. A trip signal is only issued to the 
circuit breakers when the individual criteria of both algorithms are simultaneously fulfilled. According to this, a 
protection scheme is developed, which covers link primary and backup as well as busbar protections. The per
formance of the proposed protection scheme is evaluated through simulations in a four-terminal grid. The se
lective, sensitive and accurate performance of the proposed protection scheme is demonstrated against faults up 
to 250 Ω while employing only local measurements, common limiting inductor sizes and a relatively low sam
pling frequency. Thus, the proposed protection scheme overcomes the sensitivity limitations related to high- 
resistance fault detection presented in derivative-based algorithms. Its proper operation under noise distur
bances is also demonstrated.   

1. Introduction 

The protection system of a High Voltage Direct Current (HVDC) grid 
is vital due to the requirement of speed imposed by the Direct Current 
(DC) fault characteristics and the overcurrent withstand capability of the 
power electronic components that compose a Voltage Source Converter 
(VSC) [1]. Thus, the fault detection, location and clearance must be 
achieved in a very short range of time [2]. Hence, fast protection algo
rithms are needed besides fast HVDC Circuit Breakers (CB) [3], such as 
hybrid CBs [4]. 

Single-ended algorithms present an advantage of speed against 
double-ended algorithms, since the performance of the latter algorithms 
is restricted by the time delay imposed by their own communication 
system [5]. Therefore, this paper deals with single-ended algorithms, 
which are more appropriate for large Multi-Terminal (MT) HVDC grids 
with long transmission distances, in order to meet the critical require
ment of speed [6]. 

Researchers have addressed single-ended protection algorithms over 
the last years. The most common algorithms monitor the magnitude of 
the measured signal and compare it to a pre-set threshold value. Thus, 
the fault-induced signal variations can be detected. The overcurrent 
algorithm, which measures the DC current magnitude [7], has been 
widely researched in the literature [8]. Similarly, the undervoltage al
gorithm measures the DC voltage magnitude [9], detecting the charac
teristic voltage drop related to a fault condition [10]. 

Likewise, other single-ended algorithms mathematically process the 
signal measurements by, e.g., calculating their derivative and, then, 
comparing it with a pre-selected threshold value [11]. Hence, they are 
based on detecting the fault-induced variations on the rate of change of 
the measurement’s magnitude [12]. Due to this, the derivative-based 
algorithms present great relevance since they can achieve faster fault 
detection. Some of the most usual derivative-based algorithms are the 
rate-of-change-of-current (ROCOC) [13] and the rate-of-change-of- 
voltage (ROCOV) [14]. Other single-ended algorithms are based on 
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processing the travelling wave characteristics. The frequency spectrum 
of the traveling wave can be extracted using Wavelet transforms and 
fault discrimination can be achieved according to its frequency content 
[15]. Artificial-intelligence-based algorithms employing artificial neural 
networks can also be single-ended algorithms [16]. 

Since the used measurements are locally taken, single-ended algo
rithms present a fast performance [17]. However, they are challenging 
in selectivity terms which can be enhanced by using limiting inductors 
and a suitable threshold value [18]. The threshold value must be 
selected depending on the system and protection algorithm character
istics. A higher value will ensure the detection of only fault conditions 
located inside the protection zone, i.e., an improved selectivity [19]. 

However, a very high value may adversely affect the algorithm’s 
sensitivity. This way, some internal fault conditions may not be 
detected. 

On the other hand, limiting inductors are commonly applied to 
delimit the protection zones in VSC-based HVDC systems [20]. Simi
larly, the inductor size affects the algorithm’s selectivity and sensitivity 
as the threshold value does. Moreover, they can reduce the rate of rise of 
the fault current [21]. Conversely, a large inductor size may affect the 
stability of the system [22]. 

Furthermore, the damping characteristic of the limiting inductors 
can be useful for fault detection purposes. The voltage across these in
ductors can be selected as the fault marker. During normal operation, 

Fig. 1. Voltage measurement diagram.  

Fig. 2. Current, Vlink, Vbus, VR and VRD measurements for a), c), e), g) a forward fault and b), d), f), h) a backward fault.  
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the voltage across the inductor is zero, since the voltage measured at 
both sides of the inductor is the same. However, after fault inception on 
the protection zone, the link-side voltage collapses sharply while the 
bus-side voltage drop is attenuated. Therefore, the voltage across the 
limiting inductor increases, making it a good indicator of the existence 
of a fault condition in the system. There are several algorithms in the 
literature which employ this feature. Reference [23] employs the 
voltage across the limiting inductor as a fault marker, however it pre
sents some limitations in terms of sensitivity to high-resistance faults (up 
to 50 Ω) in a cable-based system. Similarly, authors of [24] present a 
protection system based on monitoring the voltage across the limiting 
inductor for an overhead line-based (OHL) grid with 150 mH limiting 
inductors. Reference [25] is based on calculating the ratio of the ROCOV 
at both sides of the limiting inductor; it presents a sensitivity limited to 
50 Ω in a cable-based system and it employs a relatively high inductor 
size (150 mH) and a relatively high sampling frequency of 32 kHz. 
Moreover, it needs a undervoltage-based supervision element and it uses 
a communication system for improved performance. Additionally, the 
same authors present the same protection system in [26] but with a 
sampling frequency of 25 kHz. Paper [27] also employs the voltage 
across the limiting inductors, which present a relatively high size of 200 
mH. Similarly, it does not take into account pole-to-ground faults which 
are more common than pole-to-pole faults and which are more chal
lenging to detect under large fault resistances due to attenuation [28]. 
Moreover, any of these references do not analyse the influence of the 
noise disturbance on the algorithms’ operation which is of great 
relevance. 

In this sense, this paper presents a novel single-ended protection 
algorithm based on the voltage-ratio between the measurements taken 
at both sides of the limiting inductor, which is able to overcome the 
limitations presented in the state of art, i.e., low sensitivity to high- 
resistance faults [29]; and high sampling frequencies and inductor 
sizes. The sign of the voltage-ratio provides discrimination between 
forward and backward faults and, thus, a directional element to the 
protection system, while its derivative is calculated to allow fault 
detection with high speed. Taking into account its characteristics, a 
protection scheme is developed. Link primary and backup protections 
are covered, as well as busbar protection. The protection scheme em
ploys relatively low sampling frequencies and inductor sizes. Moreover, 
it presents a sensitive and fast operation against high-resistance fault 
conditions up to 250 Ω, without employing a communication system, 
and, thus, it overcomes the sensitivity limitations related to high- 
resistance fault detection which are present in common single-ended 
derivative-based algorithms. Besides, there is no need of supervision 
elements for its proper operation while its correct performance under 
noise disturbances is demonstrated. 

The remainder of the present work is arranged as follows: Section 2 
explains thoroughly the proposed protection scheme. Section 3, firstly, 
introduces the four-terminal model grid used in the simulations. Then, 
the proposed algorithm is evaluated against different fault conditions. 
Afterwards, the influence of noise disturbance in its operation is assessed 
and its performance is compared with similar inductor-voltage-based 
algorithms. Finally, the conclusions of the presented work are detailed 
in Section 4. 

2. Limiting inductor voltage-ratio-derivative protection scheme 

Using limiting inductors allows a clear delimitation of the algo
rithm’s protection zone since external traveling waves are affected by 
their damping characteristic. The proposed protection algorithm is 
based on the voltage difference between both sides of the limiting in
ductors located in the transmission links (1). This way, the voltage is 
measured at both sides of the limiting inductor as shown in Fig. 1. 

VL = L⋅
di
dt

= Vbus − Vlink (1) 

where VL is the voltage across the inductor, L is the inductor size, di/ 
dt is the current-derivative and Vbus and Vlink are the voltage measure
ments taken at the bus- and link-side of the inductor, respectively. 

2.1. Voltage-ratio algorithm 

The two voltage measurements Vlink and Vbus are equal during 
normal operation, since the DC current is constant, as it is shown in (2). 

NormalOperation : iDC = constant⇒
di
dt

=
(Vbus − Vlink)

L
= 0 ⇔ Vbus = Vlink

(2) 

Meanwhile, a voltage difference is produced after fault inception and 
the rate of increase of the DC current presents a high positive value 
(Fig. 2-a; fault inception at t = 1 ms). This way, when a forward fault 
occurs the voltage measurement at the link-side of the limiting inductor 
Vlink presents a lower value than the voltage measurement at the bus- 
side Vbus (3), as it can be seen in Fig. 2-c. 

Forward Fault : iDC > 0 ⇒
di
dt

=
(Vbus − Vlink)

L
> 0 ⇔ Vbus > Vlink (3) 

On the other hand, when a backward fault takes place, Vlink presents 
a value higher than Vbus since the DC current inverts its direction and 
flows out of the protection zone (4) (Fig. 2-b and -d). 

Backward Fault : iDC < 0 ⇒
di
dt

=
(Vbus − Vlink)

L
< 0 ⇔ Vbus < Vlink

(4) 

Thus, the voltage-ratio (VR) can be employed as a fault marker (5). 

VR =
Vlink

Vbus
(5) 

During normal operation, since both voltage measurements are 
equal, the VR is equal to one (6). 

Normal Operation : Vbus = Vlink ⇒ VR = 1 (6) 

However, the VR presents a value lower than one during forward 
fault conditions since Vlink is lower than Vbus (7), as it can be seen in 
Fig. 2-e. 

Forward Fault : Vbus > Vlink ⇒ VR < 1 (7) 

Otherwise, Fig. 2-f shows how the VR presents a value higher than 
one during backward fault conditions (8). 

Backward Fault : Vbus < Vlink ⇒ VR > 1 (8) 

Therefore, the VR provides directionality to the protection scheme 
by comparing the VR with pre-selected threshold values: THR1 for for
ward faults (9) and THR2 for backward faults (10). THR1 takes a value 
between zero and one and THR2 is a value higher than 1. 

Forward Fault : VR < THR1 (9)  

Backward Fault : VR > THR2 (10)  

2.2. Voltage-ratio-derivative algorithm 

Derivative-based algorithms present a fast fault detection capability, 
then, the derivative of the VR, i.e., the voltage-ratio-derivative (VRD), is 
calculated as in (11), where VRt1 is the VR value calculated at time t1 
and VRt2 is the VR value calculated at time t2, being t2 higher than t1. 

VRD =
dVR

dt
=

VRt2 − VRt1

t2 − t1
(11) 

During normal operation, the VRD is equal to zero since the VR is 
constant and equal to one, as it is shown in (6) and (12). 

Normal Operation : VR = 1⇒VRD = 0 (12) 
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According to (7), the VR drops to a value lower than one during a 
forward fault, hence, making the VRD drop to a negative value (13), as it 
is depicted in Fig. 2-g. 

Forward Fault : VR < 1 ⇒VRD < 0 (13) 

Meanwhile, the VRD presents a positive value (14) since the VR in
creases over one during a backward fault, as stated in (8) and depicted in 
Fig. 2-h. 

Backward Fault : VR > 1⇒VRD > 0 (14) 

Moreover, the VRD is compared to threshold values THR3 for for
ward fault detection (15) and THR4 for backward fault detection (16). 
THR3 takes a negative value while THR4 is a positive value. 

Forward Fault : VRD < THR3 (15)  

Backward Fault : VRD > THR4 (16)  

2.3. Protection scheme 

The VR and VRD algorithms are combined into the Limiting Inductor 
Voltage-Ratio-Derivative-based (LIVRD) protection scheme. This com
bination improves the selectivity of the protection scheme without 
significantly affecting the operation speed. The combined performance 
of these two algorithms when their individual criteria are fulfilled avoids 
nuisance operation due to transients induced by non-fault conditions. 

The VRD algorithm presents very fast fault detection by itself. 
However, it might present nuisance operations since some fluctuations 
on the measured signals due to normal operation of the system could 
produce a negative VRD. Thus, in case the condition stated in criterion 
(15) is achieved, a possible forward fault condition is detected but no 
trip signal is sent to the circuit breaker until the VR condition of criterion 

(9) is also fulfilled. Therefore, forward fault detection is achieved when 
criteria (9) and (15) are fulfilled simultaneously, as it is depicted in (17). 
Similarly, backward fault detection is achieved when criteria (10) and 
(16) are satisfied, as it is shown in (18). 

Forward Fault Detection :

{
VR < THR1

VRD < THR3
(17)  

Backward Fault Detection :

{
VR > THR2

VRD > THR4
(18) 

Fig. 3 shows the flow chart of the proposed LIVRD protection 
scheme. 

The proposed LIVRD based protection scheme includes link primary 
and backup as well as busbar protection. 

2.3.1. Link primary protection 
Link protection covers the protection of each link of the system as an 

independent element. Hence, limiting inductors are required at the ends 
of each link in order to properly delimit the protection zones. This way, 
only the protected link is isolated when a fault occurs within it. 

Link primary protection is related to the detection of all faults 
occurring inside the corresponding protection zone, i.e., forward fault 
detection. Thus, an internal fault to the protection zone is detected by 
the primary protection when criterion (17) is fulfilled. Meanwhile, if a 
backward fault is detected primary protection is blocked, preventing 
nuisance operation due to transients, e.g., those induced by the opening 
of a CB. 

2.3.2. Link backup protection 
In case the link primary protection fails to detect a fault condition 

due to a problem in its operation, the fault will not be cleared by the 

Fig. 3. Flow chart of the LIVRD protection scheme.  
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corresponding circuit breakers, since they have not received the 
required trip signal for its operation. Therefore, a link backup protection 
is needed in order to allow fault detection in case of failure in the pri
mary relay. 

The backward fault detection is employed in the link backup pro
tection, which is in charge of operating when a neighbouring relay 
presents a failure. Therefore, an external fault to the primary protection 
zone is detected by the backup protection when criterion (18) is fulfilled. 
Then, backup protection operates and a trip signal is sent to the corre
sponding circuit breaker when all relays interconnected to the same bus 
as the affected one detect a backward external fault, as in (19) where Ri,j 
represents the relay located in link “ij” which interconnects Bus “i” and 
Bus “j”, being Ri,j located closer to Bus “i”. This way, if criterion (19) is 
fulfilled, the security of the protection system would be improved since 
no trip signal will be sent until all neighbouring relays have detected an 
external fault. However, the backup protection could also be individu
ally implemented in each relay, so if one neighbouring relay, regardless 
of the others, detects an external fault (18), the backup protection will 
be initiated. The latter alternative will entail a reduced security of the 
protection system in comparison with the former. 

For Busi and failure in Ri,a⇒∀Ri,j ⋀ (j ∕= a) :
{

VRRi,j > THR2Ri,j
VRDRi,j > THR4Ri,j

(19)  

2.3.3. Busbar protection 
Busbar protection can also be developed using the proposed LIVRD 

protection algorithm. A busbar fault is detected when all the relays 
interconnected to the affected bus detect a backward external fault, as it 
is shown in equation (20). 

For a fault in Busi⇒∀Ri,j :

{
VRRi,j > THR2Ri,j

VRDRi,j > THR4Ri,j

(20) 

Thus, the developed protection scheme is based on the single-ended 
limiting inductor voltage-ratio-derivative algorithm proposed in this 
work. It not only covers the link protection, as both primary and backup 
protections, but also the busbar protection. 

3. Study case 

The proposed LIVRD protection scheme is evaluated in the four- 
terminal HVDC grid depicted in Fig. 4, whose features are presented 
in [30,31]. Half-bridge Modular Multilevel Converters (MMC) are 
implemented with a rated power of 900 MVA for MMCs 1, 2 and 3 and of 
1200 MVA for MMC 4. Five undersea cables interconnect the terminals, 

being their lengths 200 km (links 13 and 14), 150 km (link 24) and 100 
km (link 12 and 34). 

Limiting inductors (100 mH) in series with hybrid HVDC CBs 
(operating time: 2 ms) are placed at the borders of each link. Then, the 
protection system follows a full-selective fault-clearing strategy, i.e., 
every link is treated as an independent protection zone. During a fault 
condition, only the affected protection zone is de-energized while the 
rest of the grid remains operative. 

In the following subsections, the process of selecting adequate 
threshold values is firstly described. Then, the performance of the al
gorithm is analysed against several faults, varying its type, location and 
resistance. Worst fault case scenarios are simulated in order to test the 
performance of the proposed protection scheme algorithm, i.e., close-up 
solid Pole-to-Pole (PtP) faults and remote high-resistance Pole-to- 
Ground (PtG) faults. In addition, other fault conditions with different 
resistances and located at different distances in link 14 have also been 
simulated to evaluate the operation speed of the LIVRD protection 
scheme. 

Fig. 4 shows the locations of the simulated fault conditions. More
over, its performance during a busbar fault in Bus 1 is also evaluated. 
Following, the influence of the noise disturbance in the LIVRD protec
tion scheme is assessed. Afterwards, the main features of the LIVRD 
protection scheme are evaluated in comparison with other inductor- 
voltage-based algorithms found in the literature. 

3.1. Threshold selection process 

In order to improve the selectivity and sensitivity of the LIVRD 
protection scheme, the thresholds defined in (9), (10), (15) and (16) 
have been carefully selected taking into account the worst case scenarios 
for each relay as well as transients induced by the opening of a neigh
bouring CB. A maximum fault resistance of 250 Ω is taken into account 
in the selection process, so the sensitivity of the protection scheme is 
ensured, at least, up to 250 Ω. Likewise, these worst fault cases have 
been analysed for both solid and 250 Ω faults and both PtP and PtG 
faults, even though PtP faults are not common in cable-based systems. 
This ensures a suitable performance of the proposed LIVRD protection 
scheme, since fault conditions with resistances higher than 200 Ω are 
rare [32]. Moreover, a sampling frequency of 20 kHz is used in the 
threshold selection process. 

Firstly, threshold values THR1 and THR3, regarding the link primary 
protection, are selected in subsection 3.1.1. Then, selection of threshold 
values THR2 and THR4 is achieved in subsection 3.1.2. The latter 
threshold values are employed in the operation of the link backup 

Fig. 4. Locations of the simulated fault conditions on the four-terminal grid model scheme.  
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protection and the busbar protection. 

3.1.1. Selection of link primary protection’s threshold values 
In the case of the link primary protection, the worst fault cases are 

internal faults located at the remote end of the protection zone and 
external faults located near the local end. Internal faults located at the 
remote end of the protection zone are difficult to detect due to the 
attenuation of the traveling wave signals. External faults located near 
the local end can produce a sufficiently high traveling wave to cause the 
false detection of an internal fault and the consequent nuisance opera
tion. In this regard, threshold values THR1 and THR3 have been selected 
by simulating the worst fault cases for each relay, e.g., F1 is the worst 
internal fault case scenario for relay R31 and the worst external fault 
case scenario for relays R12 and R14. 

According to (17), both VR and VRD values have to be lower than the 
link primary protection’s threshold values to allow fault detection. As it 
was mentioned in subsections 2.1 and 2.2, THR1 must be a value lower 
than one and THR3 must be a negative value. Moreover, they must be 
high enough to detect the worst internal fault case and low enough to 
not detect external faults, including the worst external fault case. The 
appropriate operation of the link primary protection is ensured if the 
selected threshold value is a value between these critical values The 
selection of relay R12′s threshold values is represented in Fig. 5, where 
pink lines represent the Worst Internal Fault Cases (WIFC), while blue 
lines represent the worst External Fault Cases (WEFC). Solid lines depict 
solid fault cases while dotdashed lines depict 250 Ω fault cases. The 
critical values of the worst internal and external faults cases are repre
sented as VRWIFC, VRWEFC, VRDWIFC and VRDWEFC and are highlighted in 
red. 

However, these critical values do not consider the transients derived 
from the opening of a neighbouring CB, which should not be detected by 
the link primary protection. Therefore, link primary protection’s 

threshold values of 0.95 and − 1000 for THR1 and THR3, which were 
initially selected, are employed in a second series of simulations taking 
into account the transients induced by the opening of a CB. According to 
the results of this second series of simulations, some initial threshold 
values needed to be updated since they did not ensure the proper per
formance of the protection system for all relays due the transients 
induced by the opening of a neighbouring CB. Fig. 6 shows how THR3 of 
relay R12 had to be updated due the opening of relay R13 in order to 
clear fault F1. This way, the updated threshold values THR1 and THR3 
for each relay that ensure a selective and accurate operation are sum
marized in Table 1. 

Moreover, the LIVRD algorithm achieves fault detection when the 
VR- and VRD-based criteria are simultaneously satisfied. Thus, a time 
interval needs to be selected in order to verify this criterion. This way, 
fault detection is achieved when both criteria are fulfilled in a time in
terval of two consecutive samples for a 20 kHz sampling frequency, i.e., 
a 100 µs time interval. 

It must also be highlighted that transients induced by busbar faults 
do not affect the selected threshold values since they present very high 
positive values (Fig. 14). 

3.1.2. Selection of link backup/busbar protection’s threshold values 
Similarly, threshold values THR2 and THR4 regarding link backup 

protection and busbar protection are selected. However, the worst fault 
scenarios for THR2 and THR4 are different from the case of the link 
primary protection. Since the link backup protection aims to detect 
backward faults in the neighbouring links, the worst fault cases are a 
backward fault located in the remote end of the protected neighbouring 
link and a close-up forward fault located in the link where the relay is 
placed, which could produce a high enough transient triggering false 
backup detection. 

This way, both the VR and VRD values need to be greater than the 
threshold value to allow backup fault detection. As it was mentioned in 

Fig. 5. Selection of threshold value a) THR1 and b) THR3 according to the worst fault case scenarios for relay R12.  

Fig. 6. Selection of the updated threshold value THR3 for relay R12.  

Table 1 
Selected threshold values for forward and backward fault detection.  

Relay Forward Fault Detection Backward Fault Detection 

THR1 THR3 THR2 THR4 

R12  0.95 − 1065  1.01 100 
R13  0.95 − 1000  1.01 100 
R14  0.95 − 1065  1.01 100 
R21  0.95 − 1000  1.01 100 
R24  0.95 − 1000  1.01 100 
R31  0.95 − 1000  1.01 100 
R34  0.95 − 1000  1.01 100 
R41  0.95 − 1000  1.01 100 
R42  0.95 − 1000  1.01 100 
R43  0.95 − 1000  1.01 100  
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subsections 2.1 and 2.2, THR2 must be a value greater than one and 
THR4 must be a positive value. Moreover, the selected threshold values 
must be low enough to detect the remote external fault located in the 
protected neighbouring link and high enough to not misdetect a close-up 
internal fault located in the link where the relay is placed as a backward 
fault. As depicted in Fig. 4, fault F1 is the worst external fault case for 
relay R34 whose link backup protection must be able to detect it. 
Conversely, fault F1 is the worst internal fault case for relay R13 and 
should not be misdetected as a backward fault. 

Fig. 7 shows the selection process of THR2 and THR4 for relay R13. As 
in the previous case, the influence of the opening of a neighbouring CB 
was analysed, however, the initially selected threshold values related to 
link backup protection did not have to be updated. Table 1 summarizes 
the selected threshold values for each relay. 

Similarly, a time interval of 100 μs (two consecutive samples for a 
sampling frequency of 20 kHz) was selected for the link backup pro
tection in order to ensure the fulfilment of the simultaneity criterion. 

The threshold values THR2 and THR4 and the time interval selected 
for the link backup protection are also appropriate for the busbar pro
tection since busbar faults are close-up backward faults. 

3.2. Performance during a close-up solid PtP fault 

A close-up solid PtP fault is the worst fault case scenario in terms of 
maximum fault current due to the fast rate-of-rise of the fault current 
induced by PtP faults. According to this, a solid PtP fault (F1) located in 
link 13, right in front of relay R13, is simulated. 

This fault case must be detected by relays R13 and R31 as a forward 
fault and as a backward fault by neighbouring relays R12, R14 and R34. 
Due to similar behaviours, only figures related to relays R12 and R13 are 
presented. Fig. 8 and Fig. 9 depict the VR and VRD measurements 
regarding relays R13 and R12, respectively. 

When the solid PtP F1 fault occurs at t = 1 ms, relay R13 detects a 
forward fault almost instantaneously, being the link primary protection 
detection time (tPd) 1.050 ms, which corresponds with the first sample 
(for 20 kHz) after fault inception. Thus, trip signals are sent to the cor
responding CBs which start the fault clearance process 2 ms after 
receiving the trip signal (operation time of the link primary protection, 
tPo = 3.050 ms). 

Similarly, relay R12 detects a backward fault at the detection time of 
the link backup protection (tBUd) 1.100 ms, which is only 50 μs (one 
sample) after forward fault detection. Thus, backward fault detection 
blocks the primary protection of relay R12 preventing a nuisance 

Fig. 7. Selection of threshold value THR2 according to the worst fault case scenarios for relay R13.  

Fig. 8. a) VR and b) VRD signals measured by relay R13 for a solid PtP fault (F1) located in link 13.  

Fig. 9. a) VR and b) VRD signals measured by relay R12 for a solid PtP fault (F1) located in link 13.  
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operation. Moreover, if backup protection is needed due to a failure in 
relay R13, the operation time of the link backup protection, tBUo =

3.100 ms, will not be significantly slower than the primary protection, as 
it can be seen in Fig. 10. 

3.3. Performance during a remote high-resistance PtG fault 

A remote high-resistance PtG fault is the most challenging fault case 
scenario in terms of fault detection, since the lower rate-of-rise of the 
fault current induced by PtG faults together with the attenuation pro
duced by a high fault resistance, can make fault detection more complex. 
Then, a 250 Ω PtG fault (F2) located at the remote end of link 14 (from 
relay R14) is simulated. Its location is represented in Fig. 4. 

This fault case must be detected as a forward fault and, thus, as an 
internal fault by relays R14 and R41. Relays R12, R13, R42 and R43 
detect it as a backward fault. As in the previous subsection, only mea
surements regarding relays R12 and R14 are depicted in the figures. 
Fig. 11 and Fig. 12 present the VR and VRD signals measured by relays 
R14 and R12, respectively. 

Fault inception occurs at t = 1 ms. Relay R14 is able to quickly detect 
the 250 Ω PtG F2 fault at tPd = 2.150 m, which is right after the arrival of 
the fault-induced traveling wave to the relay point. Thus, a trip signal is 
sent to the CBs which operate 2 ms after receiving it at tPo = 4.150 ms. 
Comparing with the solid fault case, it can be seen that the VR and VRD 
signals (Fig. 8 and Fig. 11) are affected by the high fault resistance which 
causes an attenuation. However, the selected threshold values are still 
able to allow fault discrimination. 

Similarly, relay R12 detects a backward fault at tBUd = 2.400 ms, i.e., 
250 μs (five samples) after forward fault detection. Thus, backward 
high-resistance fault detection is not greatly slower than backward solid 

fault detection. Moreover, if backup protection is needed due to a failure 
in relay R14, Fig. 13 shows that its operation (tBUo = 4.400 ms) wouldn’t 
be significantly slower than that of the primary protection. 

3.4. Performance during a busbar fault 

During a fault inside Bus 1 which occurs at instant t = 1 ms, the bus- 
side voltage Vbus collapses sharply to zero value (Fig. 14-a) producing 
very high positive values in the VR and VRD calculations according to 
(5) and (11) (Fig. 14-c and –d, respectively). Thus, the busbar fault is 
almost instantaneously detected by the busbar protection (tBBd) at 1.050 
ms and, then, the circuit breakers operate (busbar protection operation 
time tBBo = 3.050 ms) to complete fault clearance, as it can be seen in 
Fig. 14-b, which depicts the fault currents measured by relays R12, R13 
and R14. Link-side voltages Vlink measured by all relays are super
imposed in the figure as well as bus-side voltages Vbus. VR and VRD 
waves are also superimposed. Fault current presents a negative value 
since it is flowing from the link to the busbar. 

Moreover, the event of a busbar fault does not produce the nuisance 
operation of any external relays. This way, the proper operation of the 
busbar protection is demonstrated through this analysis as well as the 
selective operation of the link protection. 

3.5. Evaluation of the fault detection time 

This subsection evaluates the operation speed of the proposed LIVRD 
protection scheme. Thus, the fault detection time of the LIVRD 

Fig. 10. Fault current measured by relay R13 for a solid PtP fault (F1) located 
in link 13. 

Fig. 11. a) VR and b) VRD signals measured by relay R14 for a 250 Ω PtG fault (F2) located in link 14.  

Fig. 12. a) VR and b) VRD signals measured by relay R12 for a 250 Ω PtG fault (F2) located in link 14.  

Fig. 13. Fault current measured by relay R14 for a 250 Ω PtG fault (F2) located 
in link 14. 
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algorithm during different fault case scenarios varying the fault location 
and resistance is analysed. The simulated fault is located in link 14 while 
varying its resistance between 0 and 250 Ω and its location from relay 
R14 between 0 and 200 km. All the simulated scenarios are PtG faults 
since PtP faults are rare in cable-based systems. Table 2 summarizes the 
results of this analysis. The fault detection times are indicated in milli
seconds from fault inception and correspond with relay R14. 

As it can be seen in the table, the fault detection time of the LIVRD 

protection scheme is not significantly affected by the fault location and 
resistance. All simulated cases are detected right after the arrival of the 
fault-induced traveling wave to the relay point. Thus, the fast operation 
of the proposed LIVRD protection scheme is demonstrated. 

3.6. Influence of the noise disturbance 

All the analyses performed so far have supposed ideal measurements. 
However, in a real implementation the values measured have a noise 
component due to the non-ideal nature of the measurement devices. This 
way, the performance of the proposed protection scheme under noise 
disturbance conditions is analysed in this subsection. 

A solid fault F3 (fault inception is at t = 1 ms) located in link 12, right 
in front of relay R12 is simulated for a range of signal-to-noise ratios of 
30, 40 and 50 dB. The SNR is a parameter that compares the desired 
signal power to the background noise power, as in (21). 

SNR = 10⋅log
(

Psignal

Pnoise

)

(21) 

where Psignal is the power of the signal and Pnoise is the power of the 
background noise. 

Thus, a low SNR means a higher level of noise in relation to the 

Fig. 14. Measurements taken by relays R12, R13 and R14 during a solid fault at Bus 1: a) Vlink and Vbus, b) fault currents, c) VR and d) VRD.  

Table 2 
Fault detection time (in ms) of the LIVRD protection scheme (forward fault 
detection).   

0 Ω 50 Ω 100 Ω 150 Ω 200 Ω 250 Ω 

0 km  0.050  0.050  0.050  0.050  0.050  0.050 
25 km  0.150  0.150  0.150  0.150  0.150  0.150 
50 km  0.300  0.300  0.300  0.300  0.300  0.300 
75 km  0.450  0.450  0.450  0.450  0.450  0.450 
100 km  0.600  0.600  0.600  0.600  0.600  0.600 
125 km  0.700  0.700  0.700  0.750  0.750  0.750 
150 km  0.850  0.850  0.850  0.850  0.900  0.900 
175 km  1.000  1.000  1.000  1.000  1.000  1.050 
200 km  1.150  1.150  1.150  1.150  1.150  1.150  

Fig. 15. a) VR and b) VRD signals measured by relay R12 for a solid PtG fault (F3) located in link 12 under noise disturbances.  
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signal. The range of SNRs employed in this subsection has been selected 
according to other similar analyses found in the literature [33]. 

The following figures show VR and VRD curves with SNR from 30 to 
50 dB. Fig. 15 corresponds to relay R12 and Fig. 16 corresponds to relay 
R13. These figures also show additional graphics with zoom in the pre- 
fault regime of the simulations in order to present a better visualization 
of the influence of the noise disturbance. 

As it can be seen, the VRD measurement is more impacted by the 
noise disturbance than the VR one since derivative calculations are more 
affected by the alterations in the ideal signal; these abrupt changes are 
easily detected by derivative calculations so it might produce a nuisance 
protection operation. Relay R12 is able to properly detect the fault under 
all the simulated fault cases with a SNR above 40 dB. During normal 
conditions, VR and VRD values do not satisfy the fault detection con
ditions while the fault is quickly detected after fault inception. However, 
a SNR of 30 dB causes the fulfilment of the fault detection criteria during 
normal operation conditions, thus, a nuisance operation might take 
place. 

On the other hand, the VRD calculation of the link backup protection 
of relay R13 is significantly affected by the noise disturbance for a SNR 
of 30 and 40 dB and a nuisance operation might occur. However, the link 
backup protection properly operates for SNRs of 50 dB or higher. 

According to this, the proposed link primary protection presents 
proper operation under noise disturbances over a SNR of 40 dB while 
link backup protection can encompass SNRs of 50 dB or higher. 

3.7. Comparison with other algorithms 

Finally, in this subsection, the LIVRD algorithm’s features are 
compared with those of other inductor-voltage-based algorithms found 
in the literature. 

Authors of [23] have made use of the voltage across the limiting 
inductors as the fault indicator. This parameter allows discrimination 
between forward and backward faults however its performance against 
high-resistance faults is limited to 50 Ω (0.22 pu, using as base, the rated 
power and voltage of the studied system). 

Similarly, reference [24] uses the voltage across the limiting inductor 
for fault detection and fault type and faulty pole identification in an 
OHL-based system. Nevertheless, it uses a relatively large inductor size 
of 150 mH. 

On the other hand, other researchers have analysed the difference 
between the ROCOV at both sides of the inductors with the purpose of 
discriminating between internal and external fault conditions [25,26]. 
This way, the ratio between the link-side ROCOV and the bus-side 
ROCOV is compared to a threshold value for fault detection. However, 

this protection scheme needs the supervision of an undervoltage element 
for its correct operation, which can limit its performance in terms of 
high-resistance fault detection and operation speed. Thus, the technique 
does not present a sensitive performance against high-resistance fault 
conditions, i.e., over 50 Ω for cables and over 200 Ω for overhead lines 
(0.12 and 0.49 pu, respectively, using as base, the rated power and 
voltage of the studied system [25,26]). Hence, the authors introduce a 
communication system between both ends of the protection zone [25] 
which reduces the operation speed of the protection system. In addition, 
they employ a relatively high sampling frequency for the voltage- 
derivative calculation, i.e., 32 kHz [25] and 25 kHz [26]. 

Reference [27] uses as fault marker the voltage across the terminal 
inductors of the converter. The voltage is monitored and compared to 
two threshold values. If the time taken by the voltage to cross both 
voltage threshold values is lower than a certain time interval, fault 
detection is achieved. It detects PtP faults up to 1000 Ω (1 pu, using as 
base the rated power and voltage of the studied system). However, PtG 
faults are not considered in the study, even though, they are more 
common than PtP faults. Moreover, it uses 200 mH inductors. 

Conversely, the LIVRD algorithm presents the lowest sampling fre
quency (20 kHz) and a relatively low inductor size of 100 mH, while 
presenting high sensitivity to high-resistance faults, up to 250 Ω for both 
PtG and PtP faults in a cable-based meshed grid (0.73 pu, using as base, 
the rated power and voltage of 1200 MVA and 320 kV). Besides, it is a 
single-ended algorithm which does not employ communication channels 
in its performance, so fast operation is ensured. Moreover, it is able to 
detect and properly discriminate between internal and external faults, 
enabling primary and backup protection. Fault detection time is not 
affected by the fault resistance and it could be adapted to detection of 
higher fault resistances by selecting new threshold values since those 
employed in the study case were selected taking into account a 
maximum fault resistance of 250 Ω. Additionally, the influence of the 
noise disturbance on its operation has been analysed and it presents a 
robust operation for SNR values of 40 dB or higher (50 dB for backup 
protection). Thus, it can be said that the proposed LIVRD presents great 
features since it overcomes the sensitivity limitations related to 
derivative-based algorithms while employing low sampling frequency 
and inductor size. 

The main characteristics of the abovementioned algorithms are 
summarized in Table 3. In this table, it is noticeable that the features of 
the proposed LIVRD algorithm exceed those of the remaining 
algorithms. 

Fig. 16. a) VR and b) VRD signals measured by relay R13 for a solid PtG fault (F3) located in link 12 under noise disturbances.  
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4. Conclusions 

Single-ended protection systems have been widely studied in the last 
years for their application to HVDC grids due to their advantageous 
operation speed. According to this tendency, this work proposes a pro
tection algorithm consisting in the voltage-ratio between the voltage 
measurements taken at both sides of the limiting inductor and its de
rivative. This protection algorithm presents a directionality capability 
provided by the voltage-ratio and a fast operation speed due to the 
calculation of the voltage-ratio-derivative. This way, the combination of 
these two algorithms provide selective operation and discrimination 
between forward and backward faults. Fault detection is only achieved 
when their individual criteria are simultaneously fulfilled. 

Taking into account the fault discrimination capability between 
forward and backward faults presented in the LIVRD algorithm, a pro
tection scheme is developed. It covers the link primary and backup 
protections as well as the busbar protection. Its performance has been 
validated through simulations in PSCAD against different fault case 
scenarios, including the worst fault case scenarios. Its fault detection 
speed has also been assessed; it is not significantly affected by the fault 
resistance or the fault location. Similarly, the influence of the noise 
disturbance on its operation has also been evaluated. The link primary 
and backup protections can properly operate for SNRs above 40 dB and 
50 dB, respectively, which are values similar to those found in the 
literature. 

Moreover, the proposed LIVRD algorithm has been compared with 
other similar algorithms and it can be concluded that it can overcome 
the sensitivity limitations related to detection of high-resistance faults 
while employing only locally available measurements and relatively low 
sampling frequencies and common inductor sizes of 20 kHz and 100 mH, 
respectively. It has been demonstrated that the proposed protection 
scheme presents fast, selective and sensitive operation under different 
fault case scenarios including noise disturbances. 
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