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Abstract. Protection of a meshed VSC-HVDC grid is a
challenge due to the behaviour of DC current and voltage signals
during fault conditions. Protection systems must operate in a very
short time range. Since fault detection should be very fast, local
measurement based algorithms are mostly used; communication
based algorithms lack the needed speed as a result of the
communication time delay. This way, a ROCOV algorithm is
proposed in this paper. This algorithm is analysed for different
fault conditions.
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1. Introduction

Nowadays, High Voltage Direct Current (HVDC) grids are
getting more relevance worldwide due to their
advantageous characteristics when compared with HVAC:

- Lower transmission losses over the same power
transfer capacity [1]-[4].

- Lower costs over long transmission distances [1],
(31, [4].

- Enable to use underground or submarine cables
over long distances since there is no capacitive
effect [2], [4].

- Capability of interconnecting asynchronous grids
[2]-[4].

- Power flow controllability enables better grid
stability under AC transients [1], [4].

- Voltage source converters (VSCs) are suitable for
building multi-terminal HVDC grids [4], [5].

- VSCs have the capability of operating on weak
AC grid conditions [2], [4], [5]-

- Flexibility of VSCs enables the transmission of
power from fluctuating and renewable power
sources [4].
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- Better HVAC power quality and lower flicker due
to the controllability of the AC voltage and
frequency outputs from VSCs [1], [4].

- Capability of independently controlling the active
and reactive power [2], [6].

There are several point-to-point (P2P) HVDC links
operating and transmitting power through very long
distances in different parts of the world; however, it is still
challenging to evolve from P2P to a multi-terminal (MT)
HVDC grid, especially in terms of protection systems [7].
In P2P links the circuit breakers (CBs) are located in the
AC side, consequently during fault conditions the entire
link is de-energised. This strategy is not desirable for an
entire MT-HVDC grid, it is a more optimal option to isolate
only the faulty part of the grid [8].

Moreover, when a fault occurs in a HVDC line, due to the
small line resistance, the DC current increases fast to very
high levels and the DC voltage drops almost
instantaneously to zero. This is very dangerous for the
power electronic devices (IGBTs) of the Voltage Source
Converters (VSC) since they cannot withstand very high
currents [9].

Thus, to isolate faulty parts of the grid and to avoid damage
on the IGBTs, HVDC CBs as well as accurate and fast
enough fault detection algorithms must be developed [10].
Furthermore, the protection system has to operate fast, in
the order of less than 10 milliseconds [11] to avoid damage
on components.

Hence, local measurement based algorithms are more
common in HVDC protection systems than communication
based algorithms since they present better operation times.
Communication based algorithms have to compare the
measurements taken at both ends of its protection zone;
they are limited by the communication time delay [12]
which is proportional to the cable length. Thus, they are
more appropriate for short transmission distances than for
very long ones [13], as a backup system [14] or for high
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impedance fault conditions [15]. Conversely, local
measurement based algorithms are faster since they only
work with the measurements from one of the ends of the
protection zone but they are less selective [16].

Additionally, since there is no zero crossing in DC grids
[17], HVDC CBs that can create this condition and that
have the capability of interrupting high current [18] and
dissipating the energy stored in the grid during fault
conditions [19] are needed. Nowadays, the most common
HVDC CB types are mechanical, solid-state and hybrid
CBs, they have operation times of 5-10 ms, 1 ms and 2-5
ms, respectively [1], [6].

Inductive reactors are usually placed at both ends of the
links in order to limit the rate of rise of the current below
the current interruption capability of the HVDC CBs.
These inductors also delimit the borders of the protection
zones. This way, the selectivity of local measurement based
algorithms is improved. The size of these components have
to be carefully selected according to the selected algorithm
and the characteristics of the protected grid since it could
affect the system stability [20].

Likewise, a fault clearing strategy must be selected
according to the protection equipment implemented in the
system. This determines the severity of the fault impact on
the HVDC and AC systems [17], [21]. A non-selective
strategy is based on shutting down the entire system after
fault detection by AC CBs. Afterwards, DC disconnectors
isolate the faulty part and the system is reenergised. HVDC
CBs are located at both ends of each link of the system in a
full-selective strategy. This way, only the faulty part of the
system is disconnected and the healthy part remain
operating unaffected. A combination of these two
strategies, named partially-selective strategy, is sometimes
selected. In this case, the system in divided into protection
zones interconnected by lines/cables. HVDC CBs or
DC/DC converters are placed in these links to isolate the
protection zones in case a fault is detected. Then, AC CBs
of the affected zone operate and shut it down. Finally, DC
disconnectors isolate the faulty part inside the protection
zone and the healthy ones are reenergised.

2. Rate of Change of Voltage
The Rate of Change of Voltage (ROCOV) algorithm uses

local measurements of the DC voltage signal. The DC
voltage derivative is calculated, as in (1).

NORMAL OPERATION CONDITION

N
T

ROCOV = =¥ = 27"

At T tp—tg
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In normal conditions, the values of the ROCOV are close
to zero since the DC voltage is constant but, during fault
conditions, the DC voltage drops sharply, then, the
calculated values of ROCOV will increase. Hence,
ROCOV is a good feature to use for discrimination of fault
conditions from normal operation changes [11].

Theoretically, the value of the derivative is zero during
normal operation and will change drastically during fault
conditions. Nevertheless, the value is not zero during
normal operation due to disturbances and fluctuations.
Hence, the derivative value must be compared with a
determined threshold for better selectivity [21].

Due to the almost instantaneous voltage collapse, the
ROCOV presents very high values. Hence, the operation
speed of this algorithm is very fast [21], [22].

The performance of the ROCOV algorithm depends on the
threshold used to discriminate fault conditions (internal and
external to the protection zone) and normal operating
conditions. The value of this threshold is selected
according to the grid conditions and through simulations.
A higher threshold value increases the selectivity at the
expense of the sensitivity. Therefore, a trade-off value
between these two requirements must be selected.

This detection method is abundant on the literature. A
ROCOV based main protection system for a 9-terminal
HVDC grid is presented in [23]. A main and busbar
protection system for a 3-terminal HVDC grid is proposed
in [24], fault discrimination is achieved comparing the
ROCOV at both sides of the terminal inductor; an internal
bus fault occurs when the bus side ROCOV is the greatest.
The protection system proposed in [25] discriminates
between internal and external faults comparing the
ROCOV at both sides of the inductors as well; an internal
fault occurs when the line side ROCOV is the greatest
while the bus side ROCOV is the greatest when an external
fault occurs. The limiting inductors placed at both ends of
the links delimit the borders of the protection zones,
allowing selectivity. A faster protection system is presented
in [26] where the ratio between the ROCOV at both sides
of the reactor is used as a fault marker; it presents a
detection time of 200 microseconds.

The sampling frequency used in this paper to calculate the
ROCOV is 10 kHz. A threshold of -0.2 MV/ms is used to
allow fault discrimination.
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o
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3. Study Case

This section summarises the results of the analysis of the
performance of the ROCOV algorithm in a multi-terminal
HVDC grid. Several fault conditions where simulated
using PSCAD software. The fault conditions were located
in different links varying the fault type, distance and
resistance.

3.1. Multi-terminal grid

A 4-terminal VSC-HVDC grid is modelled in PSCAD
software. The model is available in [27]. Four half-bridge
modular multilevel converters (MMC) interconnect two
offshore wind power plants with two onshore AC grids
through five cables. The configuration of the system is
symmetric monopole. Links 12 and 34 are 100 km long,
links 13 and 14 have a length of 200 km while the length
of link 34 is 150 km. MMCs 1, 2 and 3 present a rated
power of 900 MVA while the rated power of MMC 4 is
1200 MVA. System voltage is 320 kV.

A full-selective fault clearing strategy is adopted. Then,
each protection zone is limited at both ends by a hybrid
HVDC circuit breaker (CB) in series with a 0.1 H inductor,
as it is shown in Figure 2. This way, there are five

MBC 2 OWF

MMC 4

VSC-HVDC grid scheme.

protection zones, one per link. The operation time of the
HVDC CBs is assumed to be 2 milliseconds.

3.2. Fault Distance

Several fault conditions are simulated varying the fault
distance. Pole-to-pole (PtP), positive-pole-to-ground
(PPtG) and negative-pole-to-ground (NPtG) faults are
simulated in every link of the grid.

All the fault conditions simulated in this subsection present
a fault resistance of 0.01 Q.

The data on Table I is related to one of the two relays
located on a link, due to limited space. This way, for link
“AB”, the data shown in Table I, is measured in relay “A”.
Likewise, the fault locations shown are related to bus A.

The ROCOV algorithm detects every simulated fault
condition. As it can be extracted from Table I, the ROCOV
detection time increases with the fault distance since the
fault traveling wave takes a longer time to arrive to the
relay point. However, the detection speed is very fast
anyway. ROCOV algorithm takes around 1 millisecond to
detect remote faults and a few hundreds of microseconds to
detect near faults. On the other hand, the HVDC CBs
interrupt currents around 3-6 kA.

Table I. - Operation parameters of ROCOV algorithm for different fault locations.

Link | Fault Type Fault Distance (km) | Detection Time (ms) | Operation Time (ms) | Interrupted Current (kA)

PtP 35 0.20 2.20 4.81

12 PPtG 60 0.34 2.34 4.60
NPtG 82 0.46 2.46 4.06

PtP 150 0.83 2.83 6.12

13 PPtG 20 0.12 2.12 5.26
NPtG 72 0.40 2.40 5.34

PtP 195 1.08 3.08 5.98

14 PPtG 143 0.79 2.79 5.23
NPtG 12 0.08 2.08 5.01

PtP 7 0.05 2.05 5.71

24 PPtG 121 0.67 2.67 4.33
NPtG 32 0.19 2.19 4.48

PtP 25 0.15 2.15 445

34 PPtG 50 0.28 2.28 322
NPtG 83 0.46 2.46 3.02
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Table II. - Operation parameters of ROCOV algorithm for different fault locations and resistances.

Link | Fault Type Fault Distance (km) | Fault Resistance (2) | Detection Time (ms) | Operation Time (ms) | Interrupted Current (kA)

PtP 35 10 0.20 2.20 4.14

12 PPtG 60 50 0.34 2.34 2.13
NPtG 82 100 0.46 2.46 1.37

PtP 150 15 0.83 2.83 5.26

13 PPtG 20 25 0.12 2.12 3.31
NPtG 72 125 0.41 2.41 1.77

PtP 195 150 1.09 3.09 2.20

14 PPtG 143 110 0.80 2.80 1.69
NPtG 12 45 0.08 2.08 2.44

PtP 7 70 0.05 2.05 3.45

24 PPtG 121 120 0.68 2.68 1.83
NPtG 32 30 0.19 2.19 3.13

PtP 25 200 0.15 2.15 1.15

34 PPtG 50 80 0.29 2.29 1.04
NPtG 83 5 0.46 2.46 2.75

3.3. Fault Resistance Acknowledgement

The performance of the ROCOV algorithm is analysed for
different fault resistances up to 200 Q. The fault distances
are the same than those simulated in subsection 3.2 but
varying the fault resistance.

Just like in subsection 3.2, the data on Table II is just
related to one of the two relays located on a link.

Table II shows a summary of the results of the simulations.
The ROCOV algorithm detects every fault condition
simulated regardless of the fault resistance. Thus, this
algorithm shows a great performance against resistive
faults since 99.9% of the faults, that usually occurs in a
grid, show a resistance lower than 200 Q [28].

In comparison with the case of 0.01 Q fault resistance, the
ROCOV takes the same time detecting the faults regardless
of the fault resistance but the HVDC CBs have to interrupt
lower currents during high resistance fault conditions,
around 1 to 5 kA.

4. Conclusion

Nowadays, HVDC transmission alternative is getting more
relevance. However, due to the fast increase of the current
and the sharp collapse of the voltage during fault
conditions, fast detection algorithms and HVDC circuit
breaker must be developed.

This paper proposes a protection system for multi-terminal
grids based on a full-selective fault clearing strategy using
hybrid HVDC CBs located at both ends of each link in
series with 0.1 H inductive reactors. A local method is used
for fault detection based on the rate of change of voltage.
The performance of this algorithm is tested through
simulations in PSCAD software. Different fault conditions
varying the fault distance and resistance on different links
were simulated. The ROCOV algorithms presented a
reliable and selective performance to all the conditions
simulated; even fault conditions up to 200 Q were properly
detected. The ROCOV operation time is from a few ten of
microseconds for close faults to around 1 millisecond for
remote faults.
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