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A B S T R A C T   

Given the current evolution of Voltage Source Converters (VSC), Multi-Terminal High Voltage Direct Current 
(MTDC) grids are now becoming a real possibility. Still, some technical issues have to be addressed. The pro
tection of High Voltage Direct Current (HVDC) grids is the main technical challenge that is slowing down the 
development of MTDC grids. Hence, this paper focuses on protection systems. Thus, protection devices, fault- 
clearing strategies and protection system requirements are considered. The main topic of this paper is the re
view of different types of protection methods for MTDC systems that are shown in the literature. They can be 
classified depending on the use of local measurements or a communication channel in their operation. The 
protection systems reviewed in this paper include protection systems based on current measurements, voltage 
measurement, traveling wave analysis and artificial intelligence. A protection system can employ only one of 
these methods or a combination of them. Finally, the main characteristics of the reviewed protection algorithms 
are compared, highlighting the system configuration, the converter technology, the adopted fault-clearing 
strategy, the implemented circuit breakers and the size of the limiting inductors. From the work presented in 
this paper, it is concluded that the actual tendency in MTDC protection systems is predominantly full-selective 
fault-clearing strategies combined with hybrid HVDC circuit breakers in series with limiting inductors. In 
addition, most protection methods are based on current measurement algorithms and a considerably high 
number of the reviewed protection systems employ a combination of several methods benefiting from their 
combined characteristics.   

1. Introduction 

Nowadays, High Voltage Direct Current (HVDC) transmission is still 
a minority versus the traditional High Voltage Alternating Current 
(HVAC) transmission. Nevertheless, HVDC technology presents some 
advantages over the traditional HVAC technology (e.g., lower trans
mission losses and costs over long transmission distances and capability 
of interconnecting asynchronous grids [1]), which makes HVDC trans
mission a promising alternative for the electrical system of the future. 

However, the characteristics of fault conditions due to the HVDC 
system’s low impedance (i.e., fast increase of the fault current and wide 
propagation of the voltage drop) make the protection of the HVDC grid 
quite a challenge. In contrast to Alternating Current (AC) systems, the 
absence of a “natural” current zero-crossing makes the protection pro
cess even more complex. Some of the technical challenges that these 
HVDC grid protection systems have to faced are:  

- The very short protection time available (a few milliseconds), as a 
result of the vulnerability of the voltage source converters (VSC) to 
high currents.  

- The development of fast and selective protection algorithms.  
- The development of fast HVDC circuit breakers capable of creating 

current zero-crossings, of interrupting high currents and of absorbing 
high energy. 

These technical challenges have to be overcome for the purpose of 
operating the system efficiently, satisfying the protection requirements. 

Several review papers focused on fault detection in HVDC systems 
have been published over the years. Reference [2] reviews artificial 
intelligence techniques while the work presented in Ref. [3] reviews 
fault location techniques. Other works classify the protection methods in 
unit/non-unit methods [4] or in single-ended/pilot methods [5]. 
Meanwhile, a selection of different protection methods is reviewed in 
Refs. [6–8]. 

However, the work presented in this paper is a complete, extensive 
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and up to date review of the different existing fault protection methods 
for Multi-Terminal High Voltage Direct Current (MTDC) grids, which 
could be helpful to readers with interests regarding this research field. 
Therefore, the focus of this paper is fault detection algorithms. Char
acteristics of HVDC protection devices are overviewed in section 2 and 
the different topologies of circuit breakers are presented. Fault-clearing 
strategies and protection requirements are described in sections 3 and 4, 
respectively. Afterwards, local-measurement-based and 
communication-based methods are reviewed in section 5. Thereafter, a 
comparison of the reviewed protection methods is presented in section 
6. Finally, some conclusions of this work are detailed. 

2. Protection devices 

Fault current interruption is more complex in HVDC systems because 
of the absence of a “natural” current zero-crossing [9,10]. In addition, 
the fault current rises to very high values and it spreads to the entire 
system in a range of time of just a few milliseconds, as a result of the 
HVDC grid’s low impedance [11]. This situation worsens when modern 
VSC converters are employed, since their insulated gate bipolar tran
sistors (IGBT) are vulnerable to high currents [12] and can only with
stand twice the rated current [13,14]. 

Traditionally, circuit breakers (CB) placed on the AC side of the 
system protected point-to-point HVDC systems employing current 
source converters. The operation speed of AC-CBs take several cycles, in 
the order of tens of milliseconds [15], due to mechanical restrictions. 
Moreover, after a trip the entire link is shut down. Likewise, AC-CBs are 
not appropriate for MTDCs since a shutdown of the entire grid is not 
feasible [16]. 

Therefore, fast and reliable HVDC-CBs are needed for selective fault 
isolation in a MTDC, ensuring that the unaffected parts of the system 
keep their operation [17]. Hence, they have to fulfil a series of re
quirements [12]:  

- Capability of creating a current zero-crossing, allowing fault current 
interruption [18].  

- Fast operation in the order of a few milliseconds [19].  
- Capability of interrupting the high fault-induced currents [20].  
- Minimum power losses and cost for efficient operation of the system 

[21].  
- Capability of energy dissipation in order to prevent overvoltages 

derived from the current interruption process [22]. 

Different types of HVDC-CBs and current interruption methods have 
been developed over the last few years in order to fulfil these re
quirements. Mechanical HVDC-CBs are mostly based on available AC 
devices and auxiliary components which interrupt the fault current by 
injecting a reverse current or by generating a counter voltage. Solid-state 
HVDC-CBs employ semiconductor devices to interrupt the fault current. 
Hybrid HVDC-CBs combine the main characteristics of the two previous 
CBs, obtaining an advantageous operation. 

2.1. Mechanical HVDC-CB 

Mechanical HVDC-CBs (M − CB) are based on the operation of 
conventional AC-CBs by using common AC interrupters (vacuum-based, 
SF6-based, air-blast-based, etc.) and an auxiliary branch. This additional 
branch generates a current zero-crossing on the interrupter, basically, by 
reverse-current-injection or by counter-voltage methods, extinguishing 
the arc and allowing the complete opening of the CB. This CB technology 
uses conventional and available components which lowers the costs 
[23]. However, since it depends on AC interrupters, its operation is too 
slow, limited to several tens of milliseconds. On the other hand, M-CBs 
present low on-state losses. In addition, the generation of the current 
zero-crossing adds complexity to the M − CB in comparison to AC-CB 
technology [11]. Furthermore, an energy absorber path consisting in 
surge arrester banks (commonly metal oxide arresters) dissipates the 
energy stored in the system inductance, since it is technically more 
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appropriate to absorb the energy in this additional device than in the 
electric arc produced by the opening of the interrupter [24]. 

The interrupter is a key component of HVDC-CBs. Its contacts have to 
be able to create a distance that ensures an adequate dielectric strength. 
Moreover, their operation speed affects the time needed for arc extinc
tion [25] and the total breaking speed of the CB [26]. Vacuum in
terrupters present advantageous characteristics, such as the small gap 
required to achieve full dielectric integrity and circuit isolation, and the 
relatively low mass inertia of the moving system [27]. They are mostly 
used due to their excellent insulating properties after a current zero 
[28]. 

The current zero-crossing is generated by producing a counter 
voltage or by injecting an opposing current to the fault current. Basi
cally, the counter-voltage method consists on generating the arc voltage 
by opening the switching device, which is opposed in excess to the 
voltage of the system, driving the current to zero. The voltage through 
the CB has to exceed the system voltage until the current reaches zero, 
simultaneously dissipating the magnetic energy stored in the grid 
inductance [29]. This voltage level must be in the range of 1.2 and 1.5 of 
the rated voltage [30,31]. 

Meanwhile, the reverse-current-injection method consists in pro
ducing a current zero-crossing by an auxiliary circuit, commonly an 
inductor-capacitor (LC) resonant circuit where the pre-charged capac
itor discharges in opposition to the fault current, extinguishing the arc 
and completing the opening of the switch. The reverse-current-injection 
magnitude must exceed the fault current and the initial charge of the 
commutation capacitor must provide a safety margin to interrupt the 
largest expected current [32]. This method can be based on passive- or 
active-resonance. In the passive-resonance method, the resonant LC 
circuit is self-excited or naturally trigged by the arc generated in the 
opening of the AC interrupter, due to its negative resistance and natural 
fluctuations [33]. On the other hand, in the active-resonance method, 
the capacitor of the LC circuit is pre-charged and it is inserted in the 
circuit by a switch [34], enabling a faster current interruption [18] since 
there is no time delay due to the generation of the oscillating current 
[33]. However, a charging unit is needed, which increases the costs 
[35]. Fig. 1 shows the basic topologies of a counter-voltage-based, a 
passive–resonance-based and an active-resonance-based M-CB. 

The VSC assisted resonant current (VARC) CB is a modern model of 
M-CB. This topology presents a vacuum interrupter actuated by an ultra- 
fast Thomson-coil mechanism in the main branch. A VSC is introduced in 
series with the LC resonant circuit in the auxiliary branch to generate a 
frequency oscillating current. This way, a current zero-crossing is 
created when the amplitude of the oscillating current reaches the 
amplitude of the fault current and the current is extinguished in the 
energy absorber branch [36]. A prototype with a maximum current 
interruption capability of 10 kA and a transient interruption voltage of 
40 kV was developed within the frame of the PROMOTioN project [37]. 

This topology is represented in Fig. 2-a. 

2.2. Solid-state HVDC-CB 

Solid-State HVDC-CBs (SS-CB) consist on semiconductor compo
nents, mostly fully-controlled devices [38]. They present the fastest 
operation time, in the order of several microseconds [12,20], due to the 
almost instantaneous operation of the semiconductors. This technology 
is fast enough to avoid damaging levels of the fault current [39], hence it 
operates with a reduced maximum current due to its operation speed 
[40]. However, a large number of semiconductors are needed for high 
voltage applications, which increases the cost of this topology. In 
addition, these devices present a high on-state voltage drop and, 
consequently, high on-state losses. A semiconductor with a few kV of 
voltage rating presents an on-state voltage drop in the range of a few 
volts, generating losses in the range of kW for a current in the order of 
hundreds of amperes [29]. These losses can be in the range of 0.1–0.4% 
of the transmitted power [19] or up to 30% of a VSC converter’s power 
losses [12]. Besides, they also present some problems related to asyn
chronous operation and voltage and current balancing [41]. 

A basic scheme of a SS-CB is depicted in Fig. 2-b and it presents two 
branches: a main conduction branch with the main breaker, which is a 
series connection of several semiconductor devices (commonly IGBTs), 
and an energy absorber branch with surge arrester banks, usually metal 
oxide arresters. The current is conducted through the IGBTs during 
normal operation. The semiconductor devices are turned off after fault 
detection, commutating the current to the energy absorber branch, 
where it is driven to zero since the arrester voltage exceeds the system 
voltage. Finally, the system energy is dissipated. 

2.3. Hybrid HVDC-CB 

Hybrid HVDC-CBs (H-CB) combine the advantageous characteristics 
of M − CB and SS-CB into its topology by mixing mechanical interrupters 
and semiconductor devices [42]. This way, a fast operation is achieved 
with lower on-state losses. However, H-CB still presents a relatively high 
cost as a result of the use of several semiconductor components and the 
complexity of its structure [23]. 

Fig. 3 shows a basic H-CBs topology consisting of three branches: the 
main branch, which consists of a fast mechanical switch and a 
semiconductor-based load commutation switch; the auxiliary branch, 
formed by a main semiconductor-based breaker; and the energy 
absorber branch, composed of surge arrester banks. The main breaker 
does not contribute to the on-state losses since it only conducts current 
for a brief period during the current interruption process. Hence, power 
losses in the main branch are mostly caused by the few semiconductor 
devices that constitute the load commutation switch [13]. Likewise, the 
main breaker does not need a forced cooling system since the current 

Fig. 1. M-CBs based on a) counter-voltage method, b) passive-resonance method, c) active-resonance method.  
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does not flow through it for a long time, although this cooling system is 
required by the load commutation switch [43]. 

After fault detection, the main breaker turns on and the load com
mutation switch turns off, forcing the current to the auxiliary branch. 
This way, the fast mechanical switch begins separating its contacts 
under a zero current condition with low stress. Hence, a fast mechanical 
disconnector with a lightweight contact system can be employed in this 
type of CB [23]. In addition, the main limitation of the interruption time 
of the breaking device is the fast mechanical disconnector’s opening 
speed [44], since the operation time of the semiconductor devices is 
almost instantaneous. Finally, when the mechanical switch is 
completely opened, the main breaker is turned off, commutating the 
current to the energy absorber branch where it is driven to zero while 
absorbing the system energy [45]. 

2.4. Developed HVDC circuit breakers 

Table 1 presents the characteristics of different HVDC-CBs which 

have been developed by different manufacturers or which are installed 
(or planned to be installed) in existing MTDCs. 

3. Fault-clearing strategies 

Fault-clearing strategies determine the impact of a fault condition on 
a grid. They depend on the protection equipment implemented in the 
system [50], as well as on the main objective of the protection system, 
which can be the stability of the HVDC side or of the AC side of the grid. 
The fault-clearing time is restricted and constrained to a few millisec
onds before any VSC converter blocks when the focus is on the HVDC 
side’s stability. This way, the disturbances and effects caused by the fault 
condition are minimized. On the other hand, when the main priority is 
the AC side’s stability, the fault-clearing time can be longer and it is only 
restricted by the AC system constraints. This way, converter blocking is 
allowed and a large zone of the HVDC system or even the entire HVDC 
system can be affected and shut down. 

In this regard, there are three possible strategies: non-selective, full- 
selective and partially-selective. 

3.1. Non-selective fault-clearing strategy 

In this strategy, AC-CBs shut down the entire system after fault 
detection. Afterwards, direct current (DC) disconnectors, placed at the 
ends of each link, isolate the faulty part. Finally, AC-CBs are re-closed 
and the system is re-energised. This kind of strategy is usually selected 
with fault tolerant converters [4]. 

3.2. Full-selective fault-clearing strategy 

This strategy considers that each link and relevant component of the 
HVDC grid constitutes a protection zone, so HVDC-CBs are situated at 
the limits of all protection zones. Only the affected zone of the system is 
disconnected. This strategy tries to resemble the conventional AC pro
tection strategy. 

3.3. Partially-selective fault-clearing strategy 

This strategy combines the full-selective and the non-selective stra
tegies. The grid is split into different protection subsystems, attached by 
links where DC/DC converters or HVDC-CBs are located. The subsystems 
are disconnected from each other when fault detection is achieved. 
Then, AC-CBs shut down the affected subsystem, including its healthy 
parts, and DC disconnectors isolate the affected part. Finally, the healthy 

Fig. 2. Basic topologies of a) VARC-based M − CB, and b) SS-CB.  

Fig. 3. Topology of a H-CB.  

Table 1 
Characteristics of manufactured/installed circuit breakers.  

Manufacturer/ 
MTDC 

Technology Rated 
Voltage 

Breaking 
Capability 

Operation 
Time 

ABB [46] Hybrid 320 kV 9 kA 2 ms 
Alstom [30] Hybrid 120 kV 7.5 kA 2 ms 
SCiBreak AB [36, 

37] 
VARC-based 
Mechanical 

40 kV 10 kA 3 ms 

Nan’ao MTDC 
[47] 

Mechanical 160 kV 9.2 kA 3.9 ms 

Zhoushan MTDC 
[48] 

Hybrid 200 kV 15 kA 3 ms 

Zhangbei MTDC 
[49] 

Hybrid 500 kV 25 kA 3 ms  
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parts are reenergised. 

4. Protection requirements 

Fault conditions have to be isolated as fast as possible due to their 
damaging characteristics [8]. The fault effects on the healthy zones of 
the system must be minimized, avoiding damages on components. Thus, 
the isolated part of the grid should be as small as possible [51]. Besides, 
if a large part of the HVDC system is shut down, the AC grid stability 
could be affected. Hence, the protection must minimize the fault’s 
impact and ensure the systems’ safety [15,52]. To achieve all this, a 
HVDC protection system must fulfil some performance requirements 
[53,54]:  

- Accuracy: operation against internal fault conditions.  
- Speed: fast fault detection, identification and clearance, in less than 

10 ms [55,56].  
- Sensitivity: detection of every relevant fault condition.  
- Selectivity: proper discrimination between internal and external 

fault conditions, so only the affected zone is isolated.  
- Seamlessness: reaching a stable operation after fault clearance [57]. 

5. HVDC protection methods 

Protection methods can be classified according to the procedure used 
to take the measurements needed for their operation. Local- 
measurement-based protection systems use only locally available mea
surements for fault detection [4,52] while communication-based pro
tection systems are characterised by the exchange of information 
between the ends of the protection zone [4,52]. 

Local-measurement-based protection systems usually discriminate 
faults by monitoring and measuring DC current and voltage waveforms. 
These measurements can be used directly in overcurrent and under
voltage algorithms, or they can be mathematically processed calculating 
their rate of rise or extracting their most interesting and useful features. 
This type of protection method presents a very fast operation since it 
only takes single-ended measurements into account, but it is challenging 
in terms of selectivity [53,58]. Some examples of this kind of methods 
are: undervoltage, rate-of-change-of-voltage, overcurrent and 
rate-of-change-of-current. 

Inductors are usually placed at both ends of each link when a local- 
measurement-based algorithm is selected. This component is relevant 
since it improves the selectivity of the protection method. The inductors 
damp external signals and, this way, delimit the borders of the protec
tion zones. Furthermore, limiting inductors can limit the increase of the 
fault current, thus, allowing the implementation of circuit breakers with 
lower current interruption capability. Nevertheless, their size can affect 
the system stability [46]. Their size is chosen depending on the selected 
algorithm and the characteristics of the protected grid. 

Conversely, the fault discrimination threshold affects the perfor
mance of a local-measurement-based algorithm. This threshold affects 
the selectivity and sensitivity of the protection algorithm, and it depends 
on the characteristics of the grid, so it must be selected through simu
lations [59]. A higher value upgrades the system’s selectivity but 
downgrades its sensitivity. 

Communication-based protection methods are inherently selective 
but they present limitations in terms of speed as a result of the time delay 
imposed by the communication channel [4,54,55]. Hence, the most 
critical parameter for the protection operation is the communication 
time delay [52,60]. Besides, the protection system could reach a 
non-operative state if there is a problem in the communication channel 
[4], consequently, they are not regarded as a very reliable method. This 
way, communication-based methods are not appropriate for long 
transmission distances [4,6,52,61]. Furthermore, this kind of method is 
mostly used in conditions of high-impedance faults since the re
quirements of speed are not very critical [62] and as a backup protection 

to improve the main protection performance [52,63]. Among the most 
common communication-based methods, differential-current and 
directional-current can be mentioned. 

Other types of protection methods are those based on detecting the 
traveling wave generated by a fault condition and those using artificial 
intelligence techniques to detect and locate the fault conditions. These 
methods can be either local-measurement-based or communication- 
based. Traveling-wave-based protections employ mathematical trans
forms to extract the frequency content of the traveling wave, e.g., 
Wavelet transform [64,65] and Fourier Transform [66,67]. They use the 
frequency features to discriminate between fault conditions and normal 
operation. Nevertheless, the artificial-intelligence-based approach uses 
computation to resemble the process made by human beings during 
decision making. Artificial neural networks [68,69] are an example of 
artificial intelligence techniques. 

5.1. Current-based protection methods 

Protection systems based on algorithms using features of the DC 
current signal are reviewed in this section. 

5.1.1. Overcurrent algorithm 
A basic current-based method is the overcurrent (OC) algorithm [4]. 

The DC current is locally monitored and compared with a pre-defined 
threshold. Fault detection is achieved when the threshold is exceeded 
[55]. Directionality can be achieved by monitoring the current polarity 
[52]. It presents fast operation but it lacks selectivity [53,58]. However, 
it can be used as a robust backup protection method [52]. 

An OC protection for a radial VSC-MTDC system is proposed in 
Ref. [70]. The current magnitude is compared with an OC threshold of 
2.1 p.u. for fault detection. Another OC protection method is used in 
Ref. [71] in order to protect a 4-terminal symmetric-monopole MTDC 
system. Another OC method is proposed for fault detection in a 3-termi
nal MTDC system in Ref. [72]. Likewise, paper [58] proposes an inverse 
time overcurrent method which protects a 3-terminal bipole MTDC 
system; the higher the current is, the faster the operation will be. 

Authors of [73] propose a coordination method for overcurrent re
lays based on communication between the relays. A reduced number of 
H-CBs are used to reduce costs, so they are placed on the active ele
ments’ connection points. The CBs operate after fault detection by 
instantaneous overcurrent relays. Afterwards, the OC relays exchange 
operation information to locate the fault allowing switches to isolate the 
faulty part and, then, the CBs are reclosed. 

In [74], HVDC-CBs divide a 5-terminal VSC-HVDC grid into two 
protection zones. These devices are located in the DC link that in
terconnects both zones. Thus, when a fault is detected by an OC algo
rithm, the HVDC-CBs operate and disconnect the protection zones, 
allowing the healthy zone to remain operative. Finally, the AC-CBs of the 
faulty zone are triggered. A similar protection strategy is presented in 
Ref. [75]. Apart from the protection zone division by HVDC-CBs, an 
alternative using DC/DC converters is proposed. Fault detection is 
achieved when the arm current of the DC/DC converters exceeds its 
internal overcurrent threshold, and the converters are blocked dis
connecting the zones. Same authors of [75] use the DC/DC converter 
alternative as protection strategy for a 6-terminal MTDC grid in 
Ref. [76]. 

An analysis of the OC method is presented in Ref. [77] for a 4-termi
nal symmetric-monopole modular multilevel converter (MMC) system. 
H-CBs and 150 mH limiting inductors are employed, adopting a 
full-selective strategy. The OC performance is tested against different 
fault conditions. This way, the OC algorithm presents an operation time 
in the range of 1–7 ms, depending on the fault distance. In addition, it 
presents better performance against Pole-to-pole (PtP) fault conditions 
than against Pole-to-ground (PtG) fault conditions, in the case of 
high-impedance faults. 

Reference [78] proposes a combination of the OC algorithm with a 
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multiple decision criteria in a 4-terminal bipole MMC-MTDC. SS-CBs are 
employed for current interruption while no limiting inductors are placed 
in the system. The multiple decision criteria is based on an undervoltage 
algorithm, detecting first a negative current and a subsequently positive 
current within a determined time range, and a current-derivative algo
rithm. This way, the selectivity and sensitivity of the protection scheme 
are improved. Fault conditions with impedances of 0.5 Ω and 20 Ω are 
cleared in 8.74 ms and 11.26 ms, respectively. 

5.1.2. Rate-of-change-of-current algorithm 
The rate-of-change-of-current (ROCOC) algorithm consists in 

measuring the DC current and calculating its derivative as in (1): 

ROCOC =
ΔI
Δt

=
I2 − I1

t2 − t1
(1)  

where I1 is the magnitude of the DC current at a certain time t1 and I2 is 
the magnitude of the DC current at a certain time t2, being time t2 higher 
than time t1. 

Ideally, the value of this derivative should be zero during normal 
operation conditions and increase during fault conditions. However, the 
reality is that the derivative is not zero during normal operation due to 
fluctuations and disturbances. Then, the current-derivative is compared 
with a pre-defined threshold, ensuring selectivity [52,55,79]. In other 
cases, the polarity of the first peak of the ROCOC is used as a fault 
marker: a positive polarity indicates a forward fault; otherwise it is a 
backward fault [55,80]. However, this last method might lead to un
necessary and erroneous trips due to oscillations in the signal; mea
surements taken right after a local minimum/maximum of the current 
signal will indicate a forward/backward fault regardless of the actual 
fault location [79]. This method allows a faster fault detection than the 
OC algorithm [81]. However, the ROCOC of a remote high-impedance 
fault can be lower than the ROCOC of an external fault [4]. 

In this regard [82], presents a protection system based on ROCOC. It 
is concluded, through simulations and experimental studies, that this 
method presents reliable and fast operation. An analysis of the appli
cability of a communication-based algorithm to a 5-terminal MTDC 
system is presented in Ref. [61]. This algorithm compares the 
current-derivative sign at both ends of a link. A fault is detected when 
these two derivatives present the same sign. The authors assert that the 
applicability of a communication-based algorithm in this system is 
challenging, since the critical fault-clearing times cannot be satisfied 
because of the imposed communication time delay. A protection system 
consisting on a ROCOC algorithm protects a 3-terminal bipole MTDC 
grid in Ref. [80]. The DC current is measured locally, its derivative is 
calculated and then its first peak is analysed. A forward fault is detected 
if this peak shows a positive polarity. If the peak is negative, the fault is 
located in the backward direction. 10 mH Fault Current Limiters (FCLs) 
are placed in series with HVDC-CBs at both ends of each link so as to 
enhance the selectivity. The protection operation time is lower than 3 
ms. Reference [83] presents a protection scheme for a 3-terminal bipole 
MTDC system against faults with different impedances. Inductive FCLs 
are employed to ensure selectivity while limiting the increase of the 
current. The DC current-derivative is compared with a threshold of 1.5 
kA/ms. The polarity of the current is monitored to add directional 
selectivity. Furthermore, an overcurrent condition has to be fulfilled in 
order to trip the CBs. Similarly, a rate-of-change-of-voltage algorithm is 
applied to the MTDC system presented in Ref. [77]. A discrimination 
threshold of 3 kA/ms and limiting inductors with a size of 100 mH are 
employed in this case. This method presents a detection time around 1 
ms, depending on the fault distance. However, its application to detect 
high-impedance faults might be challenging. 

Reference [84] presents a fault location algorithm consisting of the 
Rate Of Change (ROC) of the discharging current of the converter filter 
capacitor. It can be employed to detect both high- and low-impedance 
faults, since the initial ROC is very similar for both cases and is mostly 

dependent on the fault location. However, this method is still chal
lenging because the ROC decays exponentially over time, so a delay in 
the measurements might mean a non-accurate location of the fault, 
mistaking it as an external fault. Reference [85] proposes a fault 
detection algorithm based on calculating the correlation-coefficient 
between the ROC of the DC line current and the ROC of the discharg
ing current of the DC link capacitor. This way, the correlation-coefficient 
is calculated when the ROC of the line current surpasses a certain 
threshold. Fault detection is achieved when this coefficient is close to the 
unity. This method shows a detection time lower than 1 ms, which it is 
not influenced by the fault location. 

An algorithm consisting on calculating the derivative of the 
differential-current of each pole is proposed in Ref. [86] for fault type 
discrimination and fault detection. The input and output currents of a 
pole are summed, afterwards derived and finally compared with a 
threshold. This method adds speed to the conventional 
differential-current method. 

A faulty conductor identification algorithm based on the ROCOC is 
presented in Ref. [81] for a 3-terminal bipole VSC-HVDC system. This 
algorithm allows to distinguish PtG faults, PtP faults and faults involving 
the dedicated metallic return conductor. The fault marker is the ratio 
between the maximum ROCOC of two conductors. The fault type is 
identified by comparing the value of this ratio, for different pairs of 
conductors, with their respective thresholds. 

5.1.3. Differential-current algorithm 
Differential-current algorithms consist of summing the input and 

output currents of a link or busbar [52,55]. They reflect that the current 
flowing in and out of a protection zone is not the same in the case of a 
fault condition. 

The differential-current on a busbar is calculated in (2): 

DiffCurrbus =
∑n

i=1
Ii (2)  

where Ii is the current flowing through each line connected to the busbar 
and n is the number of lines connected to the busbar. 

The differential-current on a link Lij is calculated in (3): 

DiffCurrline = Iij + Iji (3)  

where Iij is the current measured at one end of the link and Iij is the 
current measured at the other end of the link. 

This differential-current is a vector sum in the case of HVAC systems, 
while it is an algebraic sum in HVDC systems and it is calculated indi
vidually in each pole. 

If the value of the differential-current is higher than a threshold, a 
tripping signal is issued to the corresponding CBs [8]. By comparing this 
value to a threshold, possible oscillations due to normal operation 
changes are not mistaken as a fault. Then, this algorithm is a very robust 
and selective method [54], which also provides directionality [4], 
allowing the isolation of the affected part of the system while the healthy 
parts remain operating unaffected. However, in the case of line protec
tion, the operation speed of this algorithm is challenging since it is 
restricted by the communication time delay [6,52,55], which depends 
on the medium of the communication channel and on the cable length. 
This parameter is the most critical, since even with an optic fibre 
channel (delay of 0.5 ms per 100 km [6,56,61,87]), its operation might 
not be fast enough [60]. This algorithm is only used as main protection 
for short transmission distances [61]; hence, it is mostly used as a 
backup protection to improve the protection performance [63] and in 
high-impedance fault [62]. 

A differential-current algorithm is proposed in Ref. [56] as the main 
protection of a 5-terminal bipole VSC-HVDC grid. An optic fibre channel 
is employed in the communication channel. This algorithm requires that 
three consecutive samples fulfil the detection condition in order to 
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produce the tripping signal. This way, the probability of misdetection is 
considerably reduced. The protection system operates properly in cases 
of high-impedance faults, up to 200 Ω. The same protection system and 
grid are used in Ref. [88], but resistive superconducting FCLs are 
employed, limiting the increase of the DC current and helping the CBs to 
interrupt lower values of current. Likewise [89], uses the same protec
tion system and MTDC grid presented in Refs. [56,88]. The 
differential-current-based protection system proposed in Ref. [90] 
covers main, busbar and backup protections of a 5-terminal bipole 
MTDC system. Fibre optic is used as communication channel medium. 
As in Refs. [56,88], the main protection needs three consecutive samples 
to generate the tripping signal. In the case of the busbar protection, all 
the currents flowing in and out the busbar through the branches are 
summed to detect faults located between the converter station and the 
relays located at the beginning of every link. The backup protection aims 
to operate in cases of failure of the main protection by tripping all the 
CBs located in the closest busbar; its operation starts after a certain time 
delay. The same protection system proposed in Ref. [90] is used again in 
Ref. [87] but, in this case, a 4-terminal symmetric-monopole MTDC 
system is protected and the converters are fault-tolerant inductor-ca
pacitor-inductor (LCL) VSCs. This type of converters allows limiting the 
DC current during fault conditions up to the rated current value [91]. 
The fault-clearing time is around 30–60 ms. 

Reference [92] proposes a differential-current algorithm for fault 
detection and identification on a 4-terminal meshed MTDC system. A 
time domain differential algorithm is proposed in Ref. [93]. The model 
used is a 4-terminal symmetric-monopole MTDC grid. It remains stable 
during all possible external disturbances, so it is inherently selective. 
Reference [94] presents a 4-terminal full-bridge MMC-HVDC system. 
This type of converter can actively control DC currents and, this way, the 
requirement of operation speed is not that critical. Due to this, a 
differential-current algorithm is chosen as the main protection. 

Reference [95] presents a protection strategy with a series of current 
measuring sensor distributed every 30 km along the links of a 5-terminal 
MTDC system employing half-bridge MMCs. This way, the measure
ments taken by two consecutive optical sensors are used to calculate a 
series of differential-currents, and then they are compared with a 
threshold. The communication time delay is limited by the distance 
between adjacent sensors. The differential-current calculation is part of 
the first of the three stages of the protection strategy. The second stage 
ensures the fault detection by observing the ROCOC and the last one 
ensures there is no sensor failure. This strategy enables high speed 
operation, better stability and reliability. 

5.1.4. Directional-current algorithm 
The directional-current method is based on detecting if the fault is 

located in the forward direction, by monitoring the current polarity. A 
tripping signal is sent to the corresponding CBs when the relays of both 
ends of the protection zone detect a forward fault [52]. It is a very se
lective method; however, its operation speed depends on the commu
nication time delay [4]. 

A directional-current fault detection method is presented in Ref. [96] 
for a 4-terminal symmetric-monopole VSC-HVDC system. During fault 
conditions, both currents are flowing from the buses to the link. Another 
criterion is added to avoid misdetection: current at both link ends must 
exceed a certain threshold. Authors of [97] propose two alternatives for 
fault detection: one based on OC and undervoltage algorithms, and the 
other on ROCOC. In addition, a directional feature is included and the 
fault current direction is monitored. Protection of a 4-terminal MTDC 
grid is achieved in Ref. [98] by a directional OC algorithm. Therefore, 
when an overcurrent is detected, the current direction at the limits of the 
protection zone is monitored. If the current direction presents opposite 
directions, the fault is located inside the protection zone. 

5.2. Voltage-based protection methods 

Protection systems based on algorithms that employ DC voltage 
signal features are reviewed in the following subsections. 

5.2.1. Undervoltage algorithm 
A basic voltage-based method is the undervoltage (UV) algorithm. 

The magnitude of the DC voltage is compared with a pre-defined 
threshold [4]. This way, the characteristic voltage drop caused by a 
fault condition can be detected [55]. It is a fast method but lacks 
selectivity [52]. 

A basic UV algorithm is proposed in Ref. [99] to protect a 4-terminal 
symmetric-monopole MTDC grid. A fault is detected when the voltage 
drops under a pre-defined threshold. HVDC-CBs and limiting inductors 
with a size of 100 mH are placed at both end of each link, for improving 
the selectivity. Similarly, authors of [77] apply the UV algorithm to the 
same system presented in Ref. [99]. However, in this case, three suc
cessive samples of the voltage have to drop under a discrimination 
threshold of 32 kV and the limiting inductors used are 150 mH. Hence, 
the UV method achieves fault detection in approximately 1 ms but it 
does not present a proper performance against high-impedance faults. 

On the other hand, a combination of the UV and the OC algorithm is 
presented in Ref. [100] and applied to the same system presented in 
Ref. [99]. Three consecutive samples of the voltage magnitude lower 
than a threshold are needed to achieve fault discrimination, as in 
Ref. [77]. Moreover, the UV and OC algorithms work independently. 
This way, the protection system detects a fault when one of the two 
conditions (OC or UV) is fulfilled. Likewise, another UV-OC combination 
is presented in Ref. [60]. Both OC and UV conditions have to be satisfied 
in this case in order to achieve fault detection. Once again, the UV 
condition is constituted by three consecutive samples. In addition, a 
communication system is implemented for better performance of this 
method under long transmission distances. 

5.2.2. Rate-of-change-of-voltage algorithm 
The DC voltage-derivative is calculated in the rate-of-change-of- 

voltage (ROCOV) algorithm, as shown in (4): 

ROCOV =
ΔV
Δt

=
V2 − V1

t2 − t1
(4)  

where the voltage magnitudes at time t1 and t2 are represented by V1 and 
V2, respectively; being time t2 higher than time t1. 

The variation of the ROCOV magnitude between normal operation 
(ideally, a value of zero) and fault conditions is used as a fault marker 
[55]. This method presents fast operation since it is based on the almost 
instantaneous voltage drop produced by a fault condition [4,52]. 
Moreover, the ROCOV magnitude decreases when fault distance in
creases [52], so it allows internal and external fault discrimination 
[101]. Therefore, the voltage-derivative value is compared with a 
pre-defined threshold in order to achieve fault detection and discrimi
nation [52]. 

Reference [102] proposes a ROCOV-based main protection for a 
9-terminal bipole MTDC system. The rate of change of the DC link 
voltage is calculated and then it is compared with a certain threshold. 
This protection system adopts a full-selective fault-clearing strategy 
placing H-CBs in series with 100 mH limiting inductors at both ends of 
each link. This way, only the faulty link will be isolated. Similarly, the 
ROCOV algorithm protects a 4-terminal symmetric-monopole 
MMC-HVDC grid. The ROCOV is calculated locally and compared with 
a discrimination threshold of − 200 kV/ms. As in the previous reference, 
H-CBs and limiting inductors with a size of 100 mH are selected, 
following a full-selective strategy. The ROCOV method presents a 
detection time lower than 1 ms and it is capable of detecting 
high-impedance faults up to 750 Ω PtP faults and 400 Ω PtG faults. 

Authors of [103] present a ROCOV method for fault detection in a 
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4-terminal bipole MMC-MTDC system. The operation of this algorithm is 
challenging against fault conditions with impedances higher than 100 Ω. 
Thus, authors propose an adaptive threshold value to improve its 
selectivity against high-impedance faults: a curve fitting method is 
employed to estimate a fault impedance interval and, then, the adaptive 
threshold value is obtained, taking into account the maximum ROCOV 
value for an external fault condition with the estimated impedance. 

Reference [101] presents a protection system based on the ROCOV 
algorithm for 3-terminal bipole VSC-HVDC system with one overhead 
line and two underground cables. 100 mH inductors delimit the pro
tection zones. The ROCOV is employed as the main link protection and 
busbar protection. The main protection calculates the ROCOV locally at 
both ends of the line. However, comparing the magnitude of the ROCOV 
at both sides of the inductors, an internal bus fault is detected when the 
voltage-derivative at the bus side of the inductor exceeds the 
voltage-derivative at the line side. The authors of [104] propose a 
method to identify the fault direction for improved reliability, sensitivity 
and speed of the protection method presented in Ref. [101]. Thus, the 
ROCOV at both sides of the line terminal inductors are compared: if the 
line side ROCOV is the highest, the fault is located on the protected line; 
otherwise, it is an external or bus fault. In addition, an undervoltage 
condition is used as a supervision element. In order to improve the 
performance against high-impedance faults, a communication channel 
is added since the speed requirement is not a constraint. 

5.2.3. Reactor voltage algorithm 
The voltage across the limiting inductors is used as a fault marker in 

Ref. [105]. If this voltage exceeds a determined threshold, a tripping 
signal is issued. Similarly, authors of [106] employ the voltage across 
the DC reactor as a fault marker. Fault type discrimination is achieved by 
comparing the difference between the reactor voltages of both poles: a 
PtP fault is identified if this difference is lower than a pre-defined 
threshold; otherwise, a PtG fault is identified and the faulty pole is the 
one with the highest absolute reactor voltage. In addition, a 
communication-based backup protection for high-impedance faults is 
presented; a fault is detected when the absolute reactor voltage is higher 
than a threshold, which is lower than the main protection threshold. 
Then, the amplitude and directional information of the reactor voltages 
at both ends of the protection zones are used for faulty line and faulty 
pole identification, respectively. This method was tested through sim
ulations on a 4-terminal VSC-HVDC grid. It operates within 1 μs for 
low-impedance faults and within 2 ms for high-impedance faults. 

Authors of [107] also propose a fault detection algorithm based on 
the voltage variation across the 200 mH inductors of a meshed 3-termi
nal symmetric-monopole MMC-HVDC system. The time interval 
required by the DC voltage across the inductor to exceed two thresholds 
is used as fault marker. This way, a fault is detected when this time in
terval is less than a threshold, since the voltage across the inductor in
creases faster for internal faults. 

On the other hand, reference [108] presents a main and backup 
protection scheme based on the ratio of the transient voltages at both 
sides of the limiting inductors. During fault conditions, the transient 
voltage in the line side of the limiting inductor will be higher than the 
transient voltage in the converter side, increasing the value of the ratio. 
Hence, a fault is detected when the ratio overcomes a pre-defined 
threshold value. The main protection only uses local measurements 
while the backup protection employs a communication system in order 
to improve the performance of the protection scheme against 
high-impedance faults. It was analysed on a 5-terminal 
symmetric-monopole VSC-HVDC grid with 10 mH limiting inductors. 
Similarly, the authors of [109] also employ measurements at both sides 
of the limiting inductors. In this case, this alternative is based on 
comparing the ratio between the ROCOV at both sides of the limiting 
inductors with a threshold; forward fault detection is achieved when the 
ratio overcomes the threshold. This implies higher operation speed: fault 
detection and discrimination are achieved in less than 200 μs. 

5.2.4. Sheath voltage algorithm 
The sheath voltage is used as fault marker in Ref. [110]. During 

normal operation, sheath voltage magnitude is zero and no current flows 
across the cable sheath. However, under fault conditions, fault current 
flows across the cable sheath and very fast and severe overvoltages are 
produced. The proposed method can classify faults in PtP, positive PtG, 
negative PtG, unbalanced positive pole capacitor bank and unbalanced 
negative pole capacitor bank. The link with the highest sheath voltage is 
identified as the faulty part of the grid. Then, the sheath voltages of both 
poles are compared and the highest one indicates the faulty pole. But if 
both voltages are equal, there is a PtP fault. DC faults and unbalanced 
capacitors can be distinguished according to the polarity of the sheath 
voltage peak. In the positive pole, the peak is positive during DC faults 
and negative during unbalanced capacitor conditions while the opposite 
happens in the negative pole. 

5.3. Traveling-wave-based methods 

After fault inception, the current and voltage signals change at the 
fault point causing a fault wave to propagate rapidly throughout the DC 
grid [4,8,55]. The most common traveling wave method is based on 
detecting the initial wave front at its arrival to the relaying points [52], 
which presents a fast and accurate operation [111,112]. This method 
can be single-ended or double-ended, depending on the number of ends 
used to gather information. The signal wave contains useful information 
for fault detection and location [4]. Then, this interesting information 
has to be extracted and processed [6]. However, it presents challenges in 
terms of mathematically modelling the traveling wave, detecting the 
wave-head, incapability of detecting close-up faults, different traveling 
wave speed in underground cables and overhead lines (OHL), and need 
of a high sampling rate [69]. 

5.3.1. First carrier frequency harmonic current 
First Carrier Frequency Harmonic (FCFH) currents are characteristic 

of pulse-width modulation (PWM) converters. When the system is under 
a fault condition, this type of converter generates FCFH current, which 
flows through the DC link capacitors following a round path with a 
different direction depending on the location and characteristics of the 
fault condition [113–115]. During internal faults, the relays can detect 
the FCFH of the DC current since they are located after the DC link ca
pacitors. Meanwhile, when an external fault occurs, this frequency 
content is not detected since the DC link capacitors filter them. 
Considering that the FCFH current varies under different fault condi
tions [116–121], it can be employed as a key feature to detect and 
identify fault conditions in transmission systems equipped with PWM 
converters. However, the value of the FCFH current decreases during 
high-impedance faults, and so does the algorithm’s sensitivity [115]. 

A FCFH current-based algorithm protects a 4-terminal VSC-HVDC 
system in Ref. [114]. The harmonic content is extracted using the 
short-time Fourier transform. Two conditions have to be fulfilled for 
fault detection: the FCFH current and its number of pulses have to 
exceed their respective thresholds. Similarly, Hilbert-Huang Transform 
is employed in Ref. [113]. Meanwhile, the high frequency content of the 
current is extracted using the discrete Fourier transform in Ref. [85]. In 
this case, the magnitude of the zero-crossing frequency bins (those fre
quencies where the pre-fault current frequency spectrum periodically 
crosses zero) in the frequency spectrum is used as fault marker, since it 
increases during fault conditions due to harmonic distortion. The per
formance of the method is analysed in two models, both of them based 
on a 4-terminal symmetric-monopole VSC-HVDC system, but with 
different configurations: radial and ring. This way, fault detection is 
achieved in less than 1 ms, but it is not adequate to high-impedance 
faults and it is vulnerable to noise. In addition, its performance is 
influenced by the fault location since the frequency magnitude varies 
with it. 
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5.3.2. Fourier transform 
Fourier Transform is a very relevant signal processing tool and it is 

used to extract a signal’s frequency content, i.e., its frequency-amplitude 
representation. However, no time information is available in a Fourier- 
transformed signal. In other words, the Fourier Transform indicates the 
existence of a frequency component regardless the inception instant of 
this component [122]. 

Discrete time Fourier transform is used in Ref. [67] to analyse the 
frequency spectral pattern of the DC current. Fault detection is achieved 
by observing the distortion of the frequency due to the high frequency 
content. Fault detection is achieved in Ref. [66] using the ratio between 
the standard deviation and the mean value of a certain range of the 
frequency spectrum obtained by the fast Fourier transform. Regarding 
fault location, the relationship between the gap between consecutive 
frequency peaks and the fault distance is used: the closer the fault is to 
the relay point, the larger the frequency gap is. PtP and PtG faults are 
discriminated comparing the frequency spectrum of both poles. 

5.3.3. Wavelet transform 
Wavelet Transform (WT) is based on multiresolution analysis, where 

the signal is analysed with different resolutions at different frequencies, 
extracting the frequency information of the traveling wave signal [123]. 
This way, the high frequency information is obtained with a good time 
resolution and a poor frequency resolution, while low frequency infor
mation is obtained with a poor time resolution and a good frequency 
resolution [122]. 

WT is used to extract the energy content of the positive line DC 
current in Ref. [65]. A decision tree is formed using the 
energy-coefficients to recognize the fault location and type. The 
current-wavelet-coefficients are used as input data for a fuzzy voter in 
Ref. [124] in order to figure out the affected line and the fault type. A 
fault location algorithm is added to this method in Ref. [125]. It consists 
of the time difference between the arrivals of the first traveling wave and 
the first reflected wave. Internal faults are detected in Ref. [64] when the 
wavelet-coefficient modulus maxima extracted from the DC current 
presents the same polarity (negative for negative pole and positive for 
positive pole). The faulty pole is detected comparing the values of the 
wavelet modulus maxima in both poles. Since similar amplitudes of the 
forward and backward current traveling waves indicate an internal fault 
condition, authors of [126] propose using the ratio of the wavelet 
modulus maxima of these two waves as a fault marker. Internal fault 
detection is achieved when the ratio is within 0 and 1, and both modulus 
maxima are higher than a pre-defined threshold. Finally, the fault type is 
determined comparing the polarities and values of the wavelet modulus 
maxima at both ends of the link. A backup protection consisting of 
wavelet packet energy entropy is presented in Ref. [127] against 
high-impedance PtG faults. Wavelet packet process the current signal 
and extracts its energy entropy content. Then, the wavelet energy en
tropy is compared with a threshold, discriminating between internal and 
external faults. Finally, the fault can be classified using the ratio between 
the wavelet energy entropies of both poles. H-CBs start their commu
tation in Ref. [128] when a ROCOC pre-treatment criterion is satisfied. 
Then, WT extracts the transient energy of the voltages at both sides of 
the limiting inductors. An internal fault is identified when the difference 
between both energies exceeds a threshold. 

The protection system of [129] employs a stationary, 
translation-invariant, WT: the fast dyadic wavelet transform in which 
the calculations are simplified due to sampling the scale parameter 
along a dyadic sequence. Only local measurements are employed and it 
is based on three independent criteria: voltage-wavelet-coefficients, 
current-wavelet-coefficients, and voltage derivative and magnitude. 
Fault detection is achieved when two out of the three criteria are ful
filled. This redundancy improves the selectivity and reliability. In 
addition, faulty cable discrimination is achieved by comparing the 
voltage-wavelet-coefficient amplitudes. 

Reference [130] employs a parallel combination of OC and ROCOC 

algorithms to detect a possible internal fault condition. Afterwards, the 
WT extracts the frequency content of the current signal. The principal 
component analysis process the frequency data once again reducing the 
number of variables but preserving most of the variability of the original 
data set. Then, a genetic fuzzy systems discriminates between internal 
and external faults using the data set contributed by the principal 
component analysis. 

5.3.3.1. Continuous wavelet transform. The Continuous Wavelet Trans
form (CWT) overcomes the time resolution problem associated with the 
application of the Fourier Transform. This transform is calculated for 
each frequency component by changing the width of the window. It 
depends on the translation and scale parameters. The translation 
parameter indicates the location of the analysis window on the signal 
and the time information. Meanwhile, the scale parameter indicates the 
width of the analysis window; a dilated or compressed version of the 
mother wavelet chosen in order to generate other window functions. 
However, the computation of the CWT requires a considerable amount 
of time [122]. 

Reference [112] uses the CWT to detect and locate fault conditions. 
Fault detection is achieved when the CWT-coefficient is higher than a 
certain threshold. These coefficients also indicate the traveling wave 
arrival times to the terminals. The time difference between both arrivals 
is used in fault location estimation. Likewise, in Ref. [131] the CWT 
detects the traveling waves arrival times at both ends of the link in order 
to locate the fault condition. 

5.3.3.2. Discrete wavelet transform. Discrete Wavelet Transform (DWT) 
is easier to implement than the CWT and presents a reduced computa
tion time. The DWT is based on analysing the signal at different scales by 
filtering the frequency content. Both high pass and low pass filters are 
employed. This filtering process affects the resolution. This way, the 
signal is decomposed by consecutive low pass and high pass filtering into 
several frequency bands with different resolutions. The outcome of the 
high pass filter becomes the coefficients of a decomposition level, while 
the outcome of the low pass filtering is decomposed again through the 
filtering process. Hence, the higher-level-coefficients, which correspond 
with low frequency components, present better frequency resolution but 
worse time resolution than the lower-level-coefficients, which corre
spond with high frequency components [122]. 

DWT extracts the high frequency content from the DC current in 
Refs. [82,132–134]. The wavelet-coefficients are used as fault markers. 
They are compared with a threshold to detect fault conditions. 
Conversely [135], uses DWT to process the voltage traveling wave. On 
the other hand [136], employs the DWT to obtain the high frequency 
and energy-coefficients from the DC current. If the energy-coefficients 
exceed a certain threshold and DC currents flows in a positive direc
tion, a fault is detected. Likewise, DWT extracts the current transient 
high frequency energy in Ref. [137]. Similarly, DWT extracts the energy 
and high frequency contents of the DC current wave in Ref. [138]. The 
amplitude of the high frequency transients is used for fast fault detec
tion. The energy-coefficients at both ends of the same pole are similar 
during normal operation; otherwise, a fault condition is taking place. 
Then, the energy difference can be used as a fault marker, which is 
named operating signal. However, a restraining signal is calculated for 
better selectivity. This signal is the sum of the energy-coefficients at both 
ends of the same pole. Hence, fault discrimination is achieved by 
calculating the ratio between the operating and restraining signals; a 
tripping signal is issued when the operating signal is dominant. Finally, 
the fault distance is calculated using the arrival time of the traveling 
waves which are detected when a high frequency peak takes place. 

Reference [139] employs the DWT to extract the frequency content 
of the forward and backward voltage traveling waves. Then, a ratio 
between the amplitudes of the forward and backward traveling waves is 
calculated. A forward fault is detected if the ratio is lower than a 
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pre-defined threshold. Otherwise, a backward fault is detected. 

5.3.4. Other traveling-wave-based methods 
Reference [140] employs the MTDC grid presented in Ref. [99] to 

analyse the performance of the UV algorithm for fault detection and a 
morphological-gradient-based algorithm for fault discrimination. Fault 
detection is achieved by comparing the voltage drop to a pre-selected 
threshold value. Then, the fault-induced voltage traveling wave is pro
cessed by a morphological gradient technique. This is a non-linear and 
time-domain method, useful for edge detection, which is applied to 
extract the fault-induced voltage transients. Thus, fault discrimination is 
achieved by comparing the morphological gradient amplitudes. 

Authors of [141] propose a protection system based on local voltage 
and current measurements. Fault detection is achieved by analysing the 
fault transient voltage waveform, which is previously filtered by a 
fifth-order high-pass Butterworth filter in order to obtain the 
fault-related high-frequency voltage waveform. Then, the period be
tween the fault-induced abrupt changes (peak and valley) on the voltage 
waveform, i.e., the first peak time, is calculated. An internal fault is 
detected when the calculated first peak time is lower than a pre-defined 
threshold value. In addition, faulty pole discrimination is achieved using 
the ratio between the current variation of the positive and negative 
poles. 

The DC voltage and current signals are processed by the median 
absolute deviation in Ref. [142]. This statistical technique is able to 
robustly locate the abrupt changes of a transient. Then, the processed 
signals are compared with their respective thresholds and a fault is 
detected when both criteria are fulfilled. 

5.4. Artificial intelligence 

Artificial intelligence is a collection of computing concepts, which 
are able to recognize patterns and to identify highly nonlinear class 
boundaries in the input data [6]. They try to resemble the behaviour of 
human beings. Then, artificial intelligence techniques try to automate 
rational decisions made by a person. This way, they can include missing 
data, be adaptable to evolving situations and improve their performance 
progressively based on accumulated experience [69]. 

The performance of the artificial neural network (ANN) is inspired by 
the behaviour of the biological neural network [6]. Some characteristics 
of ANNs are: pattern recognition, generalisation and interpolation 
within the parameter space, distributed representation and strong 
learning capability [2]. After a training process, they can distinguish 
non-linear relationships between input and output data without 
knowing their internal processes. They can diagnose the system from 
feature content extracted from the fault signal [143]. ANN-based 
methods present an accurate, robust and fast performance for fault 
detection and location [144]. However, the ANN’s training stage is 
designed specifically for each system and it is a time-consuming process 
[8], but their speed of operation is fast. 

Reference [69] proposes an ANN-based transient protection scheme. 
It detects, locates and classifies faults on the OHLs of a 3-terminal MTDC 
grid model. Three different ANNs achieve these three fault identification 
operations, independently. Moreover, it shows fast speed (less than 5 
ms), reliability and accuracy in fault detection and location, and an 
improved robustness to high-impedance and close-up faults. The input 
data for the three ANNs is the high frequency content from the fault 
current signal, which is extracted using the discrete Fourier transform, 
and only the magnitude of the frequencies is used. On the other hand 
[68], presents a comparison between three different ANN based algo
rithms for fault detection and location in a 4-terminal VSC-HVDC sys
tem. These three algorithms are based on local current measurements. 
The first algorithm directly uses DC current samples as input data. 
Meanwhile, in the second one, the discrete Fourier transform processes 
the DC current to extract its frequency spectrum, which would be the 
input data of the ANNs. In the case of the third algorithm, the input data 

is composed by the wavelet-coefficients extracted from the DC current 
using the DWT. Each line of the grid has two ANNs, for fault location and 
detection, respectively. From the comparison of the three algorithms, it 
is concluded that the third one presents better performance and accu
racy, since the responses of the other two ones present difficulties during 
far-end fault scenarios. 

6. Comparison 

A comparison of the different protection systems found on the 
literature for MTDC systems is summarised in Table 2, in alphabetical 
order, according to the protection system used. Firstly, the protection 
systems are classified considering the grid’s characteristics:  

- VSC technology: two-level VSC (2L-VSC), three-level VSC (3L-VSC), 
LCL-VSC, half-bridge MMC (HB-MMC) or full-bridge MMC (FB- 
MMC).  

- System configuration: monopole (MonoP), symmetric-monopole (S- 
MonoP) or bipole (BiP).  

- Line type and length: regarding the use of OHL or cables in the MTDC 
and their respective lengths. 

Then, the different protection systems are classified regarding their 
characteristics:  

- Local-measurement-based algorithm (Loc) or communication-based 
algorithm (Com).  

- Adopted fault-clearing strategy: full-selective, partially-selective or 
non-selective.  

- Breaking device: AC-CB, DC switch, HVDC-CB, H-CB, SS-CB, M − CB 
or DC/DC converter.  

- Size of the limiting inductors located in series with the HVDC-CBs.  
- Performance against high-impedance fault.  
- Fault detection time: related to the time needed by the algorithm to 

detect a fault.  
- Fault clearing time: includes the algorithm’s fault detection time and 

the breaking device’s operation time. 

The remaining abbreviations used in Table 2 are: fault detection 
method (FDet), fault location method (FLoc), fault location time (tloc), 
fault isolation method (FIso), fault isolation time (tiso), grid partition 
method (GPar), grid partition time (tgpar), main protection (M), busbar 
protection (BB), backup protection (BU), differential-current (DiffCurr), 
discrete time Fourier transform (DTFT), fast Fourier transform (FFT), 
high-impedance fault condition (HIF), low-impedance fault condition 
(LIF). 

From this comparison, it can be concluded that local-measurement- 
based algorithms are the most usual ones, instead of communication- 
based algorithms, due to their faster operation. In addition, current- 
measurement-based methods are more usually employed compared to 
voltage-measurement-based methods. It must be highlighted that a 
considerably high number of protection system employ a combination of 
several methods. By using each method for different conditions, their 
advantageous characteristics are combined and the performance of the 
protection system is improved in terms of selectivity, sensitivity and 
robustness. 

Similarly, the most common converter technology is the half-bridge 
modular multilevel converter, whilst the most used system configura
tions are bipole and symmetric-monopole. Likewise, full-selective stra
tegies are predominant, as well as H-CBs, which are chosen rather than 
SS-CBs and M-CBs. Meanwhile, AC-CBs are selected when non-selective 
and partially-selective strategies are adopted. In the case of partially- 
selective strategies, HVDC-CBs are preferred for the grid partition 
stage, while AC-CBs and DC switches are preferred for the fault isolation 
stage. Furthermore, the size of the limiting inductors varies mainly in 
the range of 50 and 150 mH, being the most common value 100 mH. 
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Table 2 
Comparison of the reviewed protection methods.  

REF. YEAR PROTECTION 
SYSTEM 

LOC/ 
COM 

CONVERTER CONFIGURATION LINE 
TYPE 

LINE 
LENGTH 

FAULT 
CLEARING 
STRATEGY 

BREAKING 
DEVICE 

LIMITING 
REACTOR 

FAULT 
IMPEDANCE 

FAULT 
DETECTION 
TIME 

FAULT CLEARING 
TIME 

[69] 2017 ANN Loc 2L-VSC S-MonoP OHL 200 km Full-selective HVDC-CB – 100 Ω 4.5 ms; tloc: 26 
ms 

– 

[68] 2018 VSC MonoP 650, 530, 
370 km 

<5 ms 

[112] 2012 CWT Com VSC – OHL 24, 44, 97 km Full-selective HVDC-CB – – – – 
[131] 2014 Cable 5, 20, 30, 40, 

50, 70 km 
100 Ω 

[56] 2012 DiffCurr Com VSC BiP Cable 25, 50, 75, 
100, 200 km 

Full-selective HVDC-CB 40 mH 200 Ω 0.3–1 ms – 

[89] 2014 VSC OHL 25, 50, 75, 
100, 200 km 

HVDC-CB – 10 Ω – – 

[88] 2013 2L-VSC Cable 25, 50, 75, 
100, 200 km 

HVDC-CB – 500 Ω – – 

[90] 2013 2L-VSC Cable 25, 50, 75, 
100, 200 km 

H-CB 30 mH 200 Ω – 1–3 ms 

[94] 2018 FB-MMC OHL/ 
Cable 

200, 300, 
400, 500 km 

M-CB 5 mH 400 Ω – 20 ms 

[92] 2014 DiffCurr Com VSC S-MonoP Cable – Full-selective – – – – – 
[93] 2015 VSC 100, 150, 

200 km 
H-CB – – – – 

[87] 2015 LCL-VSC 600 km HVDC-CB – – – 30–60 ms 
[95] 2017 HB-MMC 90, 120, 150, 

180, 300 km 
H-CB 150 mH 300 Ω – 3–4 ms 

[96] 2015 Directional- 
current 

Com VSC S-MonoP Cable – Full-selective SS/H/M-CB 50–100 mH 7 Ω – 1/2–5/60 ms 

[98] 2015 Directional- 
current 

Com HB-MMC S-MonoP Cable 35.5, 100, 
107, 110, 
200 km 

Non-selective AC-CB and DC 
switch 

– 7 Ω – 60 ms 

[97] 2013 Directional- 
current 

Loc 2L-VSC – Cable 300, 500 km Full-selective HVDC-CB – – – 15 ms 

[67] 2016 DTFT Loc MMC S-MonoP OHL 
and 
cable 

200 km Full-selective HVDC-CB – – – – 

[138] 2016 DWT Com 2L/3L-VSC/ 
HB-MMC 

BiP OHL 
and 
cable 

60, 200, 300 
km 

Full-selective HVDC-CB – 300 Ω – – 

[145] 2017 DWT Loc VSC BiP OHL 
and 
cable 

30, 60, 200, 
300 km 

Full-selective SS/H CB – 150 Ω – 2.2/3.2 ms 

[82] 2018 VSC – – – HVDC-CB – – – – 
[137] 2019 VSC – OHL 100, 200, 

300 km 
HVDC-CB 100 mH 300 Ω 1 ms – 

[134] 2016 2L-VSC – Cable – H-CB 10 mH – – – 
[133] 2017 MMC MonoP – 100, 200 km HVDC-CB – 500 Ω 1 ms – 
[136] 2016 HB-MMC BiP Cable 200, 300, 

400 km 
HVDC-CB – – 1 ms – 

[139] 2020 MMC – OHL 542, 908 km – 50, 150, 500 
mH 

– – – 

[135] 2018 DWT (M) 
DiffCurr (BB) 

Loc MMC S-MonoP OHL 100, 120, 
150, 180, 
200, 300, 
600 km 

Full-selective H-CB 150 mH 500 Ω 1 ms – 

(continued on next page) 
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Table 2 (continued ) 

REF. YEAR PROTECTION 
SYSTEM 

LOC/ 
COM 

CONVERTER CONFIGURATION LINE 
TYPE 

LINE 
LENGTH 

FAULT 
CLEARING 
STRATEGY 

BREAKING 
DEVICE 

LIMITING 
REACTOR 

FAULT 
IMPEDANCE 

FAULT 
DETECTION 
TIME 

FAULT CLEARING 
TIME 

[85] 2018 FCFH Loc VSC S-MonoP Cable 200 km Full-selective HVDC-CB 100 mH 10 Ω <1 ms – 
[114] 2018 2L-VSC – – 50 Ω – – 
[113] 2019 2L/3L-VSC – – 500 Ω – – 
[66] 2018 FFT Loc 

(FDet) 
Com 
(FLoc) 

VSC – Cable 170, 200, 
360, 460 km 

Full-selective HVDC-CB – Solid 1 ms tloc: 10 
ms 

– 

[73] 2014 OC Com VSC – – – Partially- 
selective 

H-CB and DC 
switch 

– 100 Ω – 5 ms (H-CB) tiso: 70 
ms (DC switch) 

[70] 2010 OC Loc VSC – Cable – Full-selective HVDC-CB – – – – 
[58] 2015 HB-MMC BiP 200, 300 km – 10, 100, 500 

mH 
– – 2–3 ms 

[72] 2017 HB-MMC – – H-CB 8 mH – – 5 ms 
[77] 2019 HB-MMC S-MonoP 100, 150, 

200 km 
H-CB 150 mH 200 Ω PtP 

20 Ω PtG 
1–5 ms 3–7 ms 

[74] 2015 OC Loc HB-MMC – Cable 50, 80, 100 
km 

Partially- 
selective 

GPar: 
HVDC-CB 
FIso: AC-CB 

100 mH – – tgpar: 12–13 ms 
tiso: 63–65 ms 

[75] 2016 50, 80, 100 
km 

GPar: HVDC-CB 
or DC/DC conv. 
FIso: AC-CB and 
DC switch 

– tgpar: 7–9 ms (HVDC- 
CB)/3–6 ms (DC/DC 
conv.) tiso: 83–87 ms 

[76] 2016 50, 75, 80, 
100, 120 km 

GPar: DC/DC 
converter 
FIso: AC-CB and 
DC switch or M- 
CB 

– tgpar: 4–8 ms 
tiso: 104–108 (AC- 
CB)/24–28 ms (M −
CB) 

[71] 2016 OC (M) 
DiffCurr (BB) 

Loc (M) 
Loc/ 
Com 
(BB) 

HB-MMC S-MonoP Cable 100, 150, 
200 km 

Full-selective HVDC-CB 100 mH Solid – – 

[78] 2018 OC-UV-ROCOC 
combination 

Loc HB-MMC BiP OHL 50, 320, 330, 
450 km 

Full-selective SS-CB Not employed 20 Ω – 8.74–11.26 ms 

[130] 2018 OC-ROCOC-WT 
combination 

Loc 2L-VSC S-MonoP Cable 200 km Full-selective HVDC-CB – 10 Ω 1.4 ms – 

[105] 2014 Reactor Voltage Loc 2L-VSC BiP Cable 25, 50, 75, 
100, 200 km 

Full-selective HVDC-CB 10, 15, 20, 25, 
30, 35, 40, 45 
mH 

50 Ω – 1–2 ms 

[107] 2017 MMC S-MonoP OHL 
and 
cable 

100, 150 km 200 mH 1000 Ω 1–4 ms – 

[106] 2018 HB-MMC S-MonoP/BiP Cable 100, 200 km 150 mH 380 Ω 1 μs (LIF) 
2 ms (HIF) 

– 

[108] 2017 Reactor Voltage Loc (M) 
Com 
(BU) 

VSC S-MonoP OHL 
and 
cable 

70, 100, 200 
km 

Full-selective HVDC-CB 10 mH 200 Ω 0.2–0.9 ms – 

[86] 2018 ROC of DiffCurr Com MMC – – 60, 120 km Full-selective HVDC-CB – – – – 
[61] 2014 ROCOC Com 2L-VSC – Cable 170, 200, 

360, 400 km 
Full-selective HVDC-CB – Solid – 2–9 ms 

[84] 2012 ROCOC Loc VSC – Cable – Full-selective HVDC-CB – – – – 
[82] 2018 VSC – – – HVDC-CB – – – – 
[80] 2015 MMC BiP Cable 150, 400 km HVDC-CB 10 mH Solid – 3 ms 

(continued on next page) 
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Table 2 (continued ) 

REF. YEAR PROTECTION 
SYSTEM 

LOC/ 
COM 

CONVERTER CONFIGURATION LINE 
TYPE 

LINE 
LENGTH 

FAULT 
CLEARING 
STRATEGY 

BREAKING 
DEVICE 

LIMITING 
REACTOR 

FAULT 
IMPEDANCE 

FAULT 
DETECTION 
TIME 

FAULT CLEARING 
TIME 

[81] 2019 HB-MMC BiP OHL 
and 
cable 

100,500, 
1500 km 

HVDC-CB 40 mH 50 Ω 1 ms – 

[77] 2019 HB-MMC S-MonoP Cable 100, 150, 
250 km 

H-CB 100 mH 5 Ω PtP 
2 Ω PtG 

0.095–1.25 ms 2.095–3.25 ms 

[83] 2016 ROCOC (M) 
DiffCurr (BU) 

Loc (M) 
Com 
(BU) 

MMC BiP Cable 150, 400 km Full-selective HVDC-CB 25 mH 75 Ω (M) 
400 Ω (BU) 

– 2–3 ms (M) 
13 ms (BU) 

[85] 2018 ROCOC 
correlation- 
coefficient 

Loc VSC S-MonoP Cable 200 km Full-selective HVDC-CB 100 mH 10 Ω – 1 ms 

[101] 2016 ROCOV Loc MMC BiP OHL 
and 
cable 

100, 500, 
1500 km 

Full-selective H-CB 100 mH – – 3 ms 

[109] 2018 MMC BiP OHL 
and 
cable 

100, 500, 
1100, 1500 
km 

40 mH 200 Ω 200 μs – 

[77] 2019 HB-MMC S-MonoP Cable 100, 150, 
200 km 

100 mH 750 Ω PtP 
400 Ω PtG 

0.005–1.1 ms 2.005–3.1 ms 

[103] 2020 MMC BiP OHL 500 km 200 mH 300 Ω 1 ms – 
[102] 2015 ROCOV (M) 

OC (HIF) 
Loc MMC BiP OHL 

and 
cable 

100, 200, 
300, 400, 
500 km 

Full-selective H-CB 100 mH 10 Ω – 3 ms 

[104] 2017 ROCOV (M) 
ROCOV-UV 
(HIF) 

Loc (M) 
Com 
(HIF) 

MMC BiP OHL 
and 
cable 

100, 500, 
1500 km 

Full-selective H-CB 50, 100, 125 
mH 

200 Ω – 3 ms 

[110] 2017 Sheath Voltage Loc 2L-VSC BiP Cable 60, 80, 100 
km 

– – – 100 Ω 5 ms – 

[140] 2019 Traveling wave Loc HB-MMC S-MonoP Cable 100, 150, 
200 km 

Full-selective HVDC-CB 50 mH 200 Ω 1 ms – 

[141] 2019 HB-MMC BiP OHL 50, 188, 206, 
208 km 

HVDC-CB 200 mH 400 Ω 1 ms – 

[142] 2020 LCL-VSC – Cable 200 km M-CB 20 mH Solid 2 ms 10 ms 
[99] 2015 UV Loc HB-MMC S-MonoP Cable 100, 150, 

200 km 
Full-selective H-CB 100 mH – 3–4 ms 5–6 ms 

[77] 2019 150 mH 15 Ω PtP 
5 Ω PtG 

0.205–1.375 
ms 

2.205–3.375 ms 

[60] 2019 UV-OC 
combination 

Com HB-MMC S-MonoP Cable 100, 150, 
200 km 

Full-selective H-CB 100 mH Solid 4–5 ms 6–7 ms 
[100] Loc 0.35–3.35 ms 2.35–5.35 ms 
[64] 2018 WT Com 2L-VSC BiP OHL 100, 120, 

150 km 
Full-selective HVDC-CB – 400 Ω – 3 ms 

[126] 2018 2L-VSC BiP Cable 80, 100, 150, 
200 km 

– 400 Ω – – 

[127] 2019 MMC S-MonoP OHL 50, 100, 150, 
200 km 

100 mH 1000 Ω – – 

[129] 2011 WT Loc VSC BiP Cable 400 km Full-selective HVDC-CB – Solid 1 ms – 
[128] 2018 WT (M) 

DiffCurr (BU) 
Loc (M) 
Com 
(BU) 

VSC – Cable 6, 8, 10 km Full-selective H-CB – 50 Ω – 2–4 ms  
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To sum things up, it can be concluded that the tendency is to use a 
combination of protection algorithms for improved reliability, prefer
ably local-measurement-based algorithms due to speed and operation 
constraints in transmission distances of hundreds of kilometres. In 
addition, full-selective fault-clearing strategies, along with H-CBs, may 
have great relevance in future projects, as, e.g., in the Zhangbei MTDC 
project in China [47]. 

7. Conclusions 

This paper reviews different protection systems found on the litera
ture, specifically applied to VSC-MTDC grids. Moreover, the problematic 
fault features and behaviour on a VSC-based system are presented. In 
addition, the protection devices that can be implemented in a HVDC 
system are described, as well as fault-clearing strategies. The perfor
mance requirements that have to be fulfilled by the protection method 
are also explained. 

The classification of protection methods regarding how the mea
surements are taken is highlighted. Communication-based algorithms 
are highly selective, however, they are restricted by both the commu
nication time delay and the correct operation of the communication 
channel. Meanwhile, local-measurement-based algorithms present high 
operation speed, but their selectivity is challenging. They need the 
application of limiting inductors in order to delimit the protection zones 
and improve their selectivity. These components reduce the fast increase 
of the current during fault conditions, then, circuit breakers with lower 
current interruption capability can be implemented, in spite of a higher 
energy dissipation capability. 

The protection algorithms reviewed are: current-based methods 
(overcurrent, ROCOC, differential-current and directional-current), 
voltage-based methods (undervoltage, ROCOV, reactor and sheath 
voltages), traveling-wave-based methods (FCFH current, Wavelet and 
Fourier transforms) and artificial intelligence methods. The main char
acteristics and features of these protection systems are summarised and 
compared. 

It can be concluded that the actual tendency of MTDC protection 
systems employs predominantly local-current-measurement-based al
gorithms, as well as H-CBs, full-selective strategy and half-bridge MMCs. 
Moreover, the preferred system configuration varies between bipole and 
symmetric-monopole. Similarly, the most selected size of the limiting 
inductors is 100 mH. In addition, a combination of different protection 
methods can benefit the performance of the protection system. 
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grid applications. In: Cigré 2014. Paris: France; August 2014. p. 25–9. 

[34] Andersson D, Henriksson A. Passive and active DC breakers in the three gorges- 
changzhou HVDC project. In: CIGRE international conference on power systems 
(ICPS2001), Wuhan, China; 2001. p. 391–5. 3-5 September. 

[35] Du C, Wang C. Review of DC circuit breaker technology for HVDC application. In: 
22nd international conference on electrical machines and systems (ICEMS), 
Harbin, China; 2019. p. 1–6. 11-14 August. 
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symposium; 2015. Lund, Sweden, 27-28 May. 

[81] Haleem MN, Rajapakse AD. fault type discrimination in HVDC transmission lines 
using rate of change of local currents. IEEE Trans Power Deliv 2020;35(1): 
117–29. 

[82] Geddada N, Yeap YM, Ukil A. Experimental validation of fault identification in 
VSC-based DC grid system. IEEE Trans Ind Electron 2018;65(6):4799–809. 

[83] Marvik JI, D’Arco S, Suul JA. A two-layer detection strategy for protecting multi- 
terminal HVDC systems against faults within a wide range of impedances. In: 13th 
international conference on development in power system protection 2016. 
Edinburgh, UK: DPSP; 2016. p. 1–6. 7-10 March. 

[84] Fletcher SDA, Norman PJ, Galloway S, Burt G. Fault detection and location in DC 
systems from initial di/dt measurement. In: Euro tech con conference; 2012. 
Manchester, UK. 

[85] Yeap YM, Geddada N, Satpathi K, Ukil A. Time- and frequency-domain fault 
detection in a VSC-interfaced experimental DC test system. IEEE Trans Ind Inf 
2018;14(10):4353–64. 

[86] Ota R, Kinjo R, Matayoshi H, Senjyu T, Howlader AM. DC fault detection method 
using current differential deviation in MTDC grid. In: IEEE PES Asia-Pacific power 
and energy engineering conference. Kota Kinabalu, Malaysia: APPEEC); 2018. 
p. 139–42. 7-10 October 2018. 

[87] Hajian M, Zhang L, Jovcic D. DC transmission grid with low-speed protection 
using mechanical DC circuit breakers. IEEE Trans Power Deliv 2015;30(3): 
1383–91. 

[88] Descloux J, Gandioli C, Raison B, Hadjsaid N, Tixador P. Protection system for 
meshed HVDC network using superconducting fault current limiters. In: IEEE 
Grenoble conference; 2013. Grenoble, France, 16-20 June 2013. 

[89] Razzaghi R, Paolone M, Rachidi F, Descloux J, Raison B, Retière N. Fault location 
in multi-terminal HVDC networks based on electromagnetic time reversal with 
limited time reversal window. In: Power systems computation conference, 
Wroclaw, Poland; 2014. 18-22 August 2014. 

M.J. Perez-Molina et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S1364-0321(21)00327-0/sref37
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref37
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref37
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref37
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref38
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref38
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref38
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref38
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref39
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref39
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref39
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref40
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref40
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref40
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref40
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref41
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref41
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref41
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref42
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref42
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref43
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref43
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref43
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref44
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref44
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref44
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref44
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref45
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref45
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref45
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref46
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref46
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref46
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref46
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref47
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref47
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref47
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref48
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref48
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref48
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref48
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref49
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref49
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref49
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref50
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref50
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref50
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref51
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref51
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref52
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref52
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref52
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref53
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref53
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref53
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref53
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref54
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref54
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref54
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref55
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref55
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref56
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref56
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref56
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref57
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref57
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref57
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref57
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref58
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref58
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref58
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref59
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref59
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref59
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref59
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref60
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref60
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref60
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref61
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref61
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref61
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref62
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref62
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref63
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref63
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref63
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref64
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref64
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref65
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref65
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref65
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref65
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref66
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref66
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref66
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref67
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref67
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref67
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref67
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref68
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref68
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref68
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref68
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref69
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref69
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref70
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref70
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref70
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref70
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref71
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref71
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref72
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref72
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref72
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref73
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref73
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref73
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref73
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref73
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref74
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref74
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref74
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref74
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref75
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref75
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref75
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref76
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref76
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref76
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref77
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref77
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref77
https://doi.org/10.1049/iet-gtd.2017.1322
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref79
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref79
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref79
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref79
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref80
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref80
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref80
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref81
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref81
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref81
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref82
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref82
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref83
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref83
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref83
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref83
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref84
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref84
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref84
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref85
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref85
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref85
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref86
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref86
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref86
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref86
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref87
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref87
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref87
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref88
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref88
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref88
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref89
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref89
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref89
http://refhub.elsevier.com/S1364-0321(21)00327-0/sref89


Renewable and Sustainable Energy Reviews 144 (2021) 111037

16

[90] Descloux J, Raison B, Curis J. Protection strategy for undersea MTDC grids. In: 
IEEE Grenoble conference; 2013. Grenoble, France, 16-20 June 2013. 

[91] Jovcic D, Zhang L, Hajian M. LCL VSC converter for high-power applications. 
IEEE Trans Power Deliv 2013;28(1):137–44. 

[92] Adamczyk A, Barker CD, Ha H. Fault detection and branch identification for 
HVDC grids. In: 12th IET international conference on developments in power 
system protection. DPSP 2014); 2014. Copenhagen, Denmark, 31 March-3 April. 

[93] Johannesson N, Norrga S. Longitudinal differential protection based on the 
universal line model. In: Iecon 2015 - 41st annual conference of the IEEE 
industrial electronics society; 2015. p. 1091. Yokohama, Japan, 9-12 November. 

[94] Jovcic D, Lin W, Nguefeu S, Saad H. Low-energy protection system for DC grids 
based on full-bridge MMC converters. IEEE Trans Power Deliv 2018;33(4): 
1934–43. 
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