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Abstract. Nowadays the protection of Voltage Sourced 
Converters (VSC-HVDC) is still a challenge as the high fault 
currents can damage seriously the converters. Nevertheless, the 
protection of HVDC grids is more complicated than point-to-
point links, because of the specific requirements of HVDC grids. 
The protection system must detect and clear the faults within a 
demanding time. Moreover, HVDC circuit breakers are still not 
available, complicating the selective protection of the grid. 
Accordingly, since the protection of HVDC grids is so 
demanding, this issue is one of the biggest obstacles to develop 
HVDC grids.  
In this paper the protection system for HVDC grids is presented, 
including the measurement technology, fault detection and 
location algorithms and HVDC circuit breaker technology.  
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1. Introduction 
 
Multi-terminal DC grids (MTDC) aim to provide increased 
reliability to the interconnected grid. However, protection 
systems in these types of grids are more challenging than 
in point-to-point HVDC links [1]. Generally, MTDC 
systems are characterized by low series impedances, which 
lead to very high current gradients during short circuit 
faults. This implies strict timing requirements for the 
detection of DC faults and fast triggering of clearing 
actions in order to avoid important overcurrent damages to 
cables, converters and other DC system components [2] 
(the protection system must disconnect the faulted line in 
less than 10 ms in order to prevent damage to the power 
converters [1]). In this regard, the techniques proposed for 
fault location in point-to-point Line Commutated 
Converter (LCC-HVDC) systems or AC grids are thought 
to be inapplicable, mainly because of the excessive 
operation time [3], or due to key components being 
incompatible [4]. Besides, due to the different paths for the 
fault waves in MTDC grids, the fault location process gets 

even more complicated compared to the case of two-
terminal HVDC lines [1]. 
 
In order to develop an algorithm for protection against 
electrical faults it is necessary to collect voltage and 
current measurements at the different connection nodes 
of the system. The accuracy and speed of these 
measurements is essential for the proper functioning of 
the protection algorithms and is directly related to the 
safety and stability of the system. 
 
In addition, HVDC circuit breakers are considered 
essential for the development of multi-terminal HVDC 
grids, as they will make possible the application of 
selective protection systems, disconnecting only the part 
of the DC system affected by the failure. However, DC 
current interruption poses some issues that need still to be 
solved. In contrast to AC current, DC current has no 
natural zero current crossings so a DC breaker must force 
current to zero to interrupt the current. It is also necessary 
to provide a means to dissipate the large amount of 
energy stored in the system inductances and to suppress 
overvoltage after current interruption [5].  
 
In this paper, the protection systems of MTDC grids are 
analyzed. A reliable protection system relies on the 
accurate measurement of voltage and current. These 
magnitudes must be processed with precise, fast and 
selective fault detection and location algorithms. The 
paper will also cover the circuit breaker technology, 
which is critical for the secure performance of the 
protection system. Finally, an example of a protection 
system will be applied to a MTDC. 
 
2. HVDC measurement technology 
 
A. DC High Voltage Measurement 
 
There are two principal ways of measuring DC high 
voltage [6]: 
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- The use of resistive/resistive-capacitive (RC) dividers 
to convert high voltage to low voltage which could be 
easily measured 

- The use of optical sensing principle to measure DC 
voltage 

 
The DC voltage transformers based on RC voltage dividers 
are widely used in DC transmissions lines but they present 
some drawbacks that could affect measurement accuracy: 
resistance changes with high temperature, corona 
discharge, leakage current associated to insulation 
impedance or electromagnetic interferences [6-11]. 
 
Optical Voltage Transformers are a suitable alternative for 
DC high voltage sensing due to their light weight, small 
size, wide bandwidth, high accuracy, simple insulation 
structure, and electromagnetic interference immunity [12]. 
Their operating principle is based on the electro-optic 
effect (mainly on Pockels Effect) and their main drawback 
lies in loss of accuracy and stability under temperature 
changes and field perturbations [13-15]. 
 
B. High DC Current Measurement 
 
There are two principal techniques of measuring high DC 
current: 
 
- Hall effect based DC current transformers 
- Fiber-Optic Current Sensors (FOCS) 
 
Conventional high DC current transformers use the Hall 
effect to measure the magnetic field around the current to 
be measured. These types of transformers are accurate and 
reliable. However they present some drawbacks related to 
their complexity and the possibility to provide erroneous 
outputs due to asymmetric field distributions and 
disturbances from neighbor currents [16-17]. 
 
Fiber-optic current sensors, based on Faraday effect, offer 
significant advantages compared to Hall effect 
conventional transformers such as high fidelity (i.e., large 
bandwidth and no magnetic saturation), exceptional 
accuracy, higher safety of operation and environmental 
benefits (elimination of oil or SF6 insulation, no open 
secondaries and no ferro-resonance situations), reduced 
size and weight, dielectric design, adjustable turns-ratio, 
potentially low cost, ability to measure very high currents 
easily or integrated functions (e.g., voltage and current 
sensing in one device or integration into circuit breakers) 
[17-20]. 
 
These types of current transformers have reached in the 
last years a high degree of development and their use is 
being proposed for current measurement in DC grid 
primary protection systems [21].  
 
 
 
 
 
 

3. HVDC fault detection and location 
algorithms 

 
A. Unit vs. Non-Unit protection 
 
Similar to what happens in AC grid, these protection 
algorithms can be divided into non-unit and unit 
protection methods [3]: 
 
− Non-unit protection (commonly referred to as single-

ended protection) are based only on locally measured 
voltage and/or current for detection of internal faults, 
so they do not require a communication channel. The 
main advantage is that detection may occur very fast 
since no communication delay is introduced. 
However, to obtain full selectivity, an electrical 
discontinuity has to be introduced in the main circuit 
(e.g. a DC reactor) [22]. 

− Unit protection (commonly referred to as double-
ended protection) rely on information obtained at 
both ends (local and remote) in the decision. This 
implies a transmission delay due to the 
communication channel, thereby limiting the 
detection time. However, double-ended approaches 
do not usually require additional main circuit 
equipment to limit the forward reach since this can 
be sensed at the remote side [22]. 

 
However, the time scale needed for the operation of 
HVDC grid protection is around 10 to 100 times shorter 
than for AC grid protection. This is why non-unit 
protection methods are seen as the preferred solution. 
 
A first common step in the definition of communication-
less protection schemes is the identification of one or 
more variables that are available or derivable from local 
terminal measurements (DC voltage and current, their 
derivatives or their associated coefficients from wavelet 
transformations) and can act as a 'fault marker' when 
exceeding a predefined threshold. If the predefined 
threshold is exceeded, the fault is considered to be 
detected and a clearance sequence must be initiated. The 
adequate selection of these threshold values, along with 
sufficient margins, will ensure selectivity (it should be 
avoided that any transient that is not associated with a 
fault is finally cleared by the relay) [2]. 
 
Therefore, the non-unit protection is usually a preferred 
option for MTDC grids, but with some limitations since it 
cannot guarantee absolute selectivity. Therefore, in the 
context of future MTDC grids, the non-unit protection 
may be used as the main protection and unit protection 
may serve as a backup [23]. 
 
B. Differential Current protection vs. Travelling Wave 

protection 
 
Many protection methods have been proposed so far by 
different authors, but basically, all DC fault detection and 
location methods can be classified in two main groups 
[24]: 
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− Direct measurement based methods, such as 
overcurrent protection method, differential current 
method, distance protection, etc. 

− Signal processing based methods, such as travelling 
wave methods, neural network methods, etc. 

 
Differential current protection, which has also been used in 
three-phase AC systems for a long time, is frequently 
presented as a valid fault detection approach in meshed 
HVDC grids [25]. Differential current protection relies on 
measuring the currents at both line ends, comparing the 
difference between the two measure currents with a 
predefined threshold: if the threshold is exceeded, the 
protection is tripped. To this purpose, a fast 
telecommunication infrastructure is needed in order to 
send the current measurement from one end to other [24]. 
The applicability of this approach is somehow problematic 
in HVDC systems with long transmission lines. The signal 
propagation time on a 200 km long fibre optic cable is 
around 1 ms and, since the rise of the fault currents is in 
the range of a few kA/ms, a delay of 1 ms per 200 km 
cannot be considered negligible [25]. Considering that 
HVDC transmission line length is usually several hundred 
kilometres, this communication delay could affect the fault 
clearance time [26]. Besides, the reliability of the 
differential current protection system would depend on 
telecommunication system’s availability, whose 
installation increases the costs [25]. There are also several 
other problems to consider when using current differential 
protection in HVDC systems such as distributed 
capacitance current problem, lack of valid setting 
principle, etc. [27]. 
 
Therefore, in many cases, telecommunication-based DC 
protection systems are not acceptable due to economic and 
reliability reasons. In these cases, a local protection 
principle should be preferred [25], where conventional 
current differential schemes were used as a backup 
protection [28]. 
 
At present, the most commonly used fault-detection and 
location techniques for HVDC systems are mainly based 
on travelling wave methods [29-31]. In this regard, using 
travelling wave based technologies is more advantageous 
for the HVDC line than for the AC line, considering that 
the DC line has a simpler structure and converters mainly 
reflect waves instead of refracting them [32]. Travelling 
wave methods are based on the fact that any disturbance 
on a transmission line produces travelling waves along its 
length, where these travelling waves appear as a result of 
charging and discharging the line capacitance and line 
inductance of the transmission line. Each wave is 
composed of different frequencies, from a few kilohertz to 
several megahertz, and has a propagation speed near the 
speed of the light. Since travelling wave based methods 
require measurements of the arrival time at the terminals 
of fault generated surges, in order to determine the 
distance to the fault, a signal processing tool is necessary 
to get this arrival time [24]. 
 
Travelling-wave-based methods have usually fast response 
and high accuracy. Their performance is not easily 
affected by different factors, such as bus configuration, 

fault types, ground resistance, loading conditions, and 
system parameters [29-31]. However, one of the main 
issues with travelling wave based methods is related to 
their practical application, since they depend heavily on 
the high sampling rate, and are therefore difficult to 
implement, even in hardware. Moreover, these methods 
can be easily influenced by noise, interferences and 
signal disturbances [28, 32], and more importantly, they 
may lose reliability when it comes to high impedance 
fault situations. At present, identification of the travelling 
wave head and its arriving time is mainly achieved by 
computing the slope of measured voltages and currents, 
so its accuracy is affected by fault location and transition 
resistance [33]. Besides, one important challenge in 
travelling wave-based fault location system resides in 
faulty section identification for combined overhead line 
and underground cable. This challenge is due to the 
reflections of the fault signal from the joint-point and the 
fault point, as well as the unequal travelling wave 
velocities in line and cable [30]. 
 
Similar to other approaches, in general, travelling-wave 
based methods for fault location are grouped into two 
subcategories with respect to the measurements they 
employ at the receiving and/or sending end of the 
transmission line [30]: 
 
− The single-ended principle uses the fault induced 

transient travelling waves and the associated 
reflected waves at one line terminal in order to 
determine the fault location. 

− The double ended (synchronized) travelling wave 
principle calculates the fault distance making use of 
the time difference between the absolute arrival time 
of fault induced initial surges measured at both 
terminals of the line. 

 
The double ended principle is regarded as more reliable 
than the single ended one, since it only uses the fault 
generated initial surges. However, it requires equipments 
to be installed at both ends of the supervised line, where 
its accuracy may be affected by the errors of the line 
length and the synchronization clock system, such as the 
global positioning system (GPS). The single ended 
approach is more cost effective, but its reliability may not 
be satisfactory due to the complexity of the fault reflected 
surge [35]. 
 
4. HVDC breaker technology 
 
Different interrupting methods have been proposed, 
which differ in how current zero condition is achieved 
[36]: 

• Inverse voltage generating method. The current 
is forced to zero by means of increasing the arc 
voltage to a value higher than the system 
voltage. 

• Current commutating method. Parallel paths are 
provided in the circuit breaker to commutate the 
current, so the energy stored in the circuit can be 
dissipated or a high-frequency oscillating 
current is obtained. 
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• Inverse current injecting method. A high 
frequency inverse current is injected that 
interferes with the current to interrupt. 

 
Using the previous techniques, different topologies of DC 
circuit breakers have been proposed which can be 
classified in three different groups: mechanical, solid state 
and hybrid circuit breakers [37-39]. 
 
A. Mechanical breaker 
 
They consist of a conventional (mechanical) AC breaker 
with a parallel circuit to create a current zero crossing. In 
passive HVDC circuit breakers, the parallel circuit 
becomes unstable under some conditions so an oscillation 
with increasing amplitude is produced until current zeros 
are created where the arc can be extinguished. In contrast, 
in active HVDC breakers an artificial zero current is 
produced by actively switching a commutation path 
including a pre-charged capacitor in combination with an 
inductance. The value of the operation speed of 
mechanical breakers is in the order of tens of ms. 
 
B. Solid state breaker 

 
They consist of several solid state switches, usually 
IGBTs, which have the ability to turn off the current even 
though it does not have zero crossings. A number of 
semiconductor switches are connected in parallel and in 
series, in order to achieve the required breaking current 
capability. As they are mostly unidirectional devices, a 
minimum of two devices would be necessary to achieve a 
bidirectional circuit breaker, which increases the switch 
count and so, the device cost. In contrast, semiconductor 
switches are extremely fast, so the operation speed of solid 
state circuit breakers is very high, being in the order of a 
few ms. 
 
C. Hybrid breaker 

 
Mechanical DC breakers are relatively cheap but their 
operation speed and current breaking capacity is lower, 
which limits their application in DC grids based on 
Voltage Source Converters (VSC) with very limited 
overcurrent withstand. In contrast, solid state breakers are 
much faster but semiconductor switches has a permanent 
on resistance which causes solid state circuit breakers to 
have larger losses than mechanical DC breakers. In this 
context, hybrid breakers based on the combination of 
mechanical and power electronic switches have been 
proposed to take advantage of both technologies, i.e. fast 
current interruption with low steady-state losses. Industrial 
prototypes have been developed by manufacturers, being 
described in [40, 41].  
 
5. Study case 
 
In this section, an example of the application of a non-unit 
protection system is included. For the study case, the 
HVDC grid test system developed in [42] has been used. 
The test system is composed of two offshore wind farms 
and two onshore networks connected by five cables, as 

shown in Fig. 1. The converters are half-bridge MMC 
with symmetric monopolar configuration. The DC 
voltage is ± 320 kV, and the AC voltage 400 kV. There 
are five cables:  links 13 and 14 (200 km), link 24 (150 
km), links 12 and 34 (100 km).  

 
Fig. 1. Four terminal HVDC grid test system [42]. 

 
Converter 1 and 2 control the active power, converter 3 
and 4 control the direct voltage. Droop control is 
implemented to increase the reliability of the HVDC grid. 
 
A. Protection system 
 
The protection system presented in this paper is a non-
unit protection based on local measurements. The 
protection algorithm detects the DC faults in the first 
place. Faults are detected with undervoltage criteria. That 
way, a minimum voltage operation is set, 85% of the 
nominal voltage. Faults are discriminated when there are 
undervoltages for 100 µs after fault detection. The 
sampling frequency is 20 kHz. There is also an 
overcurrent protection that blocks the IGBTs when the 
current is greater than 1.5 times the rated value. 
 
Afterwards, faults are located by fault discrimination in 
order to assure a selective protection. Thus, two zones are 
determined, namely, internal and external zones. These 
zones are discriminated setting a 100 mH inductor 
between all the converters and the DC buses. Voltage 
derivative criterion is complemented with current 
derivative criterion to determine if it is a forward or 
backward fault. Therefore, faults are located in function 
of a minimum voltage derivative criterion and on the sign 
of the current derivative. 
 
B. HVDC line fault example 

 
A pole-to-pole fault is applied in line 13, 25 km from  
converter 1, at time 1.0 s. The fault resistance is 0.01 Ω. 
After fault inception, the detection algorithm in each end 
of the affected line detects the fault, and the circuit 
breakers located at the line ends are opened. The delay of 
the circuit breaker is 2 [41]. 
 
Afterwards, the fault current in each pole of the line 
extinguish, and thus, there is a redistribution of currents 
in other lines. There are transient voltages in the lines, 
nevertheless, voltage is recovered without losing any 
converter, so the system maintains stability after the fault.  
Fig. 2 shows the pole-to-pole voltage and Fig. 3 the 
positive pole current for the five DC lines. 
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Fig. 2. Pole to pole line voltages at sending end. 

 

 
Fig. 3. Positive pole line currents. 

 
The converter IGBTs are not blocked as the maximum arm 
current does not exceed the overcurrent threshold. The 
protection algorithm provides selective operation. This 
way, only the affected line circuit breakers open whilst the 
circuit breakers of the remaining lines keep closed, as can 
be seen in Fig. 4. In consequence, the healthy lines 
maintain the operation.  
 

 
Fig. 4. Line DC breakers status. 

 

6. Conclusion. 
 
In the paper protection systems for HVDC grids are 
analyzed, including the high voltage current and voltage 
measurement technologies, HVDC circuit breaker 
technologies and fault detection and location algorithms. 
The discussed algorithms cover unit, non-unit, differential 
current and travelling wave protections. 
 
In addition, the paper presents a protection system 
example based on a travelling wave algorithm for a HVDC 

meshed grid. In this study case, the selectivity of the 
protection system is verified. 
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