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Abstract—High-voltage DC (HVDC) transmission has
been largely used to interconnect asynchronous systems
and integrate renewable energy resources into electrical
grids. However, the high short-circuit currents and
low-tolerance of power electronics equipment impose new
challenges for these systems’ protection. To address
these challenges, a new distance protection algorithm for
HVDC grids with Modular Multilevel Converters (MMCs) is
proposed in this paper. The proposed algorithm identifies
the faulty line/cable using the resonance frequency of a
DC capacitor installed in each terminal. The technique was
tested in a four-terminal HVDC grid with five cables and
ten circuit breakers. The algorithm was highly selective
for faults in the lines and provided fast identification, in
less than 1 ms, without communication amongst terminals.
The algorithm was tested in hardware under high-noise
conditions and provided reliable results.

Index Terms—Distance protection, HVDC, Modular
Multilevel Converter (MMC), Protection, Short-circuit.

I. INTRODUCTION

H IGH-Voltage DC (HVDC) transmission has recently
been considered the preferred option to interconnect

asynchronous systems and integrate renewable energy
resources into electrical grids [1]. However, when
point-to-point HVDC systems are interconnected forming
meshed DC grids, new challenges arise in terms of control,
stability and protection [2], [3].

In terms of protection, major challenges are the absence of
fault current zero-crossing, the sharp rise of fault currents, the
need for fast-breaking time and the high energy absorption
requirements of protective elements [4], [5]. To address these
challenges, new protection algorithms and DC circuit breaker
technologies have been proposed [5]. Although promising fault
detection algorithms were proposed, substantial improvements
are still required in fault identification, especially concerning
selectivity [6].

Several types of primary protection algorithms have been
proposed, such as travelling waves [7]–[10], derivative
[11]–[13], differential [14], transient [15]–[17] and machine
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learning-based algorithms [18], [19]. Travelling wave-based
algorithms provide high-speed protection, but they have
demanding measurement requirements and may increase in
complexity in case of high-frequency signals, such as noise,
spikes and lightning components associated with multiple
reflections within the system. However, recent research
has been performed to reduce the sampling frequency of
travelling-wave based algorithms [20], [21]. Derivative-based
protection algorithms present good selectivity but may be
challenging for higher fault resistances associated with
noise, and also require high sampling frequencies, accurate
measurements, compensation of filter delays and thresholds
difficult to define. Similar noise-related issues might be
present in methods based on second-order derivatives and
the current comparison rate of change, such as [22], [23],
although these methods require less pre-defined thresholds.
Differential protection techniques are intrinsically selective but
require a dedicated communication link and the time delay
required to ensure reliable operation may become prohibitive
in large systems. Transient-based and machine learning-based
protection, despite presenting a good performance, lacks a
simpler and straightforward design. Alternative schemes based
on distributed optical sensors [24], active pulse injection [25],
statistical methods [26], and curve fitting [27] have also been
proposed.

Among several protection algorithms for transmission
lines/cables, distance protection stands out as it is intrinsically
related with the nature of the protected element (protection
zones are defined in terms of distance), it has lower
measurement-system requirements and does not require
communication to operate. However, differently from AC
systems, the lack of a fundamental power frequency in
DC systems precludes the estimation of impedance and
consequently the calculation of the distance to the fault.To
circumvent this limitation, alternative distance protection
algorithms were proposed for HVDC systems.

The ratio of the voltage drop between two known
locations is used in [28] to estimate the fault distance.
The technique is fast but was tested for short-cables only.
In [29], the differential equations of the protected cable’s
frequency-dependent model are solved to estimate the distance
to the fault in a line-commutated converter (LCC)-HVDC
system. The algorithm provided precise estimations, but the
large 15 ms window makes it unfeasible for primary HVDC
grid protection. The time window was reduced to 4 ms in [30],
but, this may still be prohibitive when considering the circuit
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breaker’s opening time. Hence, there is a lack of fast, selective
and non-unit distance protection algorithms for HVDC grids.

A new distance protection algorithm for DC grids with
Modular Multilevel Converters (MMCs) is proposed in this
paper. The proposed algorithm identifies the faulty line/cable
using the resonance frequency of a probe capacitor installed
in each system’s terminal. The contributions of this paper are
summarized as follows:

• The algorithm is highly selective for faults in the lines
and provides fast fault identification in less than 1 ms;

• The algorithm operates with local measurements only,
without communication amongst terminals;

• The algorithm is straightforward and the design procedure
was inspired by AC distance protection, which makes it
attractive to protection engineers;

• The algorithm was tested in hardware under high-noise
conditions and provided reliable results.

The remainder of this paper is organized as follows.
Section II presents the proposed distance protection algorithm
and the short-circuit theory associated to it. The algorithm
performance is evaluated using simulations presented in
Section III. The real-time tests in hardware are shown in
Section IV. Finally, the conclusions are drawn in Section V.

II. PROPOSED PROTECTION ALGORITHM

The proposed protection algorithm is based on the
estimation of the resonance frequency of a probe capacitor
installed in each system terminal. The capacitor is connected
between the DC poles and the ground (some studies also
considered the presence of a DC capacitor to provide a
reference to the ground in the DC side [6], [31]–[33]). In
a steady-state condition, each capacitor will be charged at
a half nominal voltage (Vdc/2). When a DC fault happens,
the interaction between the probe capacitor and the line/cable
inductance will produce an oscillation at a natural frequency
that depends on the capacitor size and the total inductance
to the fault. As the line/cable inductance is dependent on the
conductor length, a relationship between resonance frequency
and the distance to the fault can be established, similar to
what it is done for AC grid distance protection. The proposed
protection scheme is illustrated in Fig. 1.

The protection algorithm comprises three parts: i) the fault
detection that detects any fault in the DC grid, regardless
of its location, ii) the fault classification that classifies the
fault as pole-to-pole (PP) or pole-to-ground (PG) and iii) the
fault identification, which is the main scope of this paper
and identifies in which cable/line (protection zone) the fault
has occurred. In this study, we have used the algorithms
shown in Section II.E for fault detection and classification
and the distance protection described in this section for fault
identification. Additional modules such as a directional module
based on the polarity of the current derivative can also be
added, which is useful to detect busbar faults.

A. Fault analysis with the DC probe capacitor
The MMC fault analysis is commonly divided into three

stages [34], [35]. The first is the capacitive discharge stage,

Start

DC current signals
Sample DC voltage and 

MMC

Idc LFCL CB

CB

Cable/Line

Cable/LineLFCL

+
Vdc
_

Cp

Cp

ωp

Time window

Measurements

Fault classification

Yes No 

icm idiff

eqs (13),(14)

Calculate       andicm idiff

ωp

Yes 

No Distance protection 

Frequency estimation

Second zone

First zone

Is the frequency
lower than ωth?

Fault detection

Vdc < Vth ?

ct > 3 ?

ct = ct + 1 ct = ct - 1

No 

No Yes 

Yes (fault detected) 

|icm| |idiff 
|> ?

Pole-to-pole fault Pole-to-ground fault 

Fig. 1. Proposed protection algorithm.

which is the period between the fault inception and the
blocking of the converter. After the converter is blocked, the
AC transient infeed stage starts, in which the energy stored
in the converter arm inductors is released into the fault. After
the inductors discharge the stored energy, the fault is fed by
the AC grid in the AC steady-state infeed stage. The proposed
protection is designed to operate with maximum accuracy in
the first fault stage, before the converter is blocked.

To simplify the expressions, only the terminal connected to
the circuit breaker under analysis was represented for both PP
and PG faults. Fault analyses that consider more elements in
the system can be found in [36]–[38].

1) Pole-to-pole faults: The equivalent circuit of the system
with the DC probe capacitor, in a PP fault is shown in Fig. 2.
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Fig. 2. PP fault equivalent circuit considering the DC probe capacitor.

Where Cleg is the equivalent capacitance between positive
and negative arms, La is the arm inductance, Ra represents
the arm losses, Cp is the DC probe capacitance, LFCL is the
DC fault current limiter inductance, Rf is the fault resistance
and Ll1 and Rl1 are the equivalent line/cable inductance and
resistance up to the fault spot, respectively.

It is convenient to define equivalent parameters for the
circuit in Fig. 2 to reduce the size of the system’s Ordinary
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Differential Equations (ODEs):Rdc1 = Rl1 +Rf/2

Ldc1 = LFCL + Ll1

(1)

Using the equivalent parameters and applying Kirchhoff’s
voltage and current laws (KVL and KCL) to the circuit results
in the following system of ODEs:
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As (2) is linear, the system has a unique solution.
Nevertheless, obtaining an exact closed-form solution involves
calculating the roots of a fourth-order polynomial, which
produces lengthy expressions. However, the desired resonance
frequency between Cp and the system can be obtained
from the system poles, in the frequency domain, using the
Laplace transform. For the Laplace transform, without loosing
generality, the following initial conditions are used: ic(0) =
Idc/3, vc(0) = Vdc, ip(0) = 0 and vp(0) = Vdc. These initial
conditions represent the DC side circuit in steady state (Cleg

and Cp fully charged and constant DC voltage equal Vdc)
for a given power flow determined by Idc. To simplify this,
we consider Idc = 0, as it does not influence the resonance
frequency. Thus, we have the following for the current ip:

Ip(s) =
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where

ωc =

√
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(5)
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(6)

are the system undamped resonance frequencies, and

τ =
2Leq

Req
(7)
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Rdc1

2Ldc1
+
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)−1

(8)

are the system time constants, that provide exponential decay.
They are calculated using the equivalent parameters:{

Leq= 2La+ 6Ldc1+ Ldc1Cp/Cleg+ 2CpRaRdc1

Req = 2Ra + 6Rdc1 +Rdc1Cp/Cleg

(9)

The resonance frequency associated with Cp (ωp) varies with
the distance as both Leq and Ldc1 increase with the distance
to the fault. Thus, the distance to the fault can be related
to ωp. Additionally, as the time constants are influenced by
the fault resistance and the line parameters are known, it is
even possible to estimate the fault resistance if the exponential
decay is correctly calculated. However, as the purpose of the
fault distance algorithm is to identify the faulty line/cable,
we leave the estimation of other parameters to dedicated
algorithms, such as fault location algorithms.

The voltage vp(t) can be obtained from ip using (2d) or its
equivalent in the frequency domain. As the system poles are
the same, both vp(t) and ip(t) can be used to estimate ωp0.
However, as ip(0) = 0 and ip is the derivative of vp, ip is less
affected by the DC offset, thus being preferred to estimate the
resonance frequency.

2) Pole-to-ground faults: The equivalent circuit of the
system with the DC probe capacitor, in a PG fault is shown
in Fig. 3.
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Fig. 3. Pole-to-ground fault equivalent circuit considering the DC probe
capacitor.

Similarly to what was developed for the PP fault case,
the first step to find the resonance frequency is to find the
expression for the system poles in the frequency domain, using
the Laplace transform. Afterwards, the resonance frequencies
are obtained from the system poles. Finally, the resonance
frequency associated with Cp is identified, as follows.
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where Ldc=Ldc1+Ldc2 and Ldc2 is the inductance of the
cable/line between the fault and the opposite terminal. The
other parameters are the same as the PP fault ones.

Similarly to the PP fault, here the resonance frequency
associated with Cp (ωp) also varies with the distance to the
fault as Ldc1 increases with distance. Thus, the distance to the
fault is also related to ωp calculated for the PG fault.

It should be noted that although the variable used for the
resonance frequency ωp is the same as in (6) and (10), its
expression is different. Thus, the fault must be previously
classified in PP or PG before selecting the appropriate
expression. The expressions for the resonance frequencies do
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not consider the system losses and the fault resistance because
these variables have minor influence on the final frequency
value. Moreover, only the total capacitance of the converter is
used, which does not change during the fault.

From the derivation presented, it can be observed that
the proposed protection algorithm only requires information
about the converter and DC reactor parameters, which are
readly available by the manufacturer. This allows a simple
and straightforward setup for the proposed technique.

B. Protection zones
Defining appropriate protection zones is key to ensuring that

the protection system will be selective. In AC systems, the
first protection zone is commonly defined between 80% and
90% of the protected line length, providing an underreaching
zone [39], [40]. The second protection zone is set to overreach
the protected line, typically between 120% and 150% of the
protected line length [39], [40]. An underreaching zone is set
to considerate uncertainties and avoid instantaneous operation
for a fault on the other line.

However, as in VSC-HVDC systems, DC reactors (LFCL)
are inserted to limit the fault current, these reactors also
provide a big step of inductance at the line ends. As a
result, the resonance frequency steeply decreases when a
fault happens on the adjacent line. Thus, differently from AC
distance protection, the proposed DC distance protection can
have a reach of 100% for the first protection zone. Fig. 4
illustrates how the resonance frequency drops between the
protected line and the adjacent line. If the rating of the DC
reactor is reduced, the electric boundary between adjacent
lines will decrease. This will not impede using the protection
algorithm but will reduce its reach.
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Fig. 4. Illustration of how the resonance frequency varies between first
and second protection zones.

Fig. 4 shows that the threshold frequency (ωth), which is
used to discriminate a fault as in the first or second protection
zones, can be chose between ωmin and ω2nd:

ω2nd < ωth < ωmin (11)

However, as the travelling waves corrupt the frequency
estimation with high-frequency components, the estimated
resonance frequency might be higher than the analytical value,
depending on the frequency estimation technique used. In this
case, (11) can be used as a starting point and the final ωth can

be defined using the simulated fault signals and considering
measurement errors.

C. Sizing the DC probe capacitor

As (6) and (10) show, ωp is totally dependent on the
DC probe capacitance (Cp). If a big capacitance value is
chosen, the ωp will be low and the signal processing algorithm
responsible for estimating the resonance frequency will need a
wider time window to provide a reliable frequency estimation,
thus reducing the algorithm speed. However, if the capacitance
is chosen too small, it might be associated with the system
parasitic capacitance, corrupting the ip waveform. Therefore,
Cp should be large enough to not be associated with the system
parasitic capacitance but should be small enough to provide a
high-frequency discharge during a fault. A good starting point
would be to select Cp such that:

ωp <
2π

ttw
(12)

where, ttw is the time it takes the waves to travel along the
full length of the protected cable. This generally implies in a
capacitor one order of magnitude smaller than the converter
capacitance, as shown in Section III-A. However, this in
practice will be an engineering decision tailored for each
system.

D. Measured variables

Both Cp voltages and currents can be used to estimate the
resonance frequency. However, the currents (ipp and ipn) were
used as they are approximately equal to zero before the fault
and consequently require less DC filtering. The common-mode
current icm was used for PP faults and the differential current
idiff was used for PG faults, as follows:

icm =
ipp + ipn

2
(13)

idiff = ipp − ipn (14)

Any signal processing algorithm capable of providing a
reliable frequency estimation [41], [42] can be used in
the proposed distance protection, such as Discrete Fourier
Transform (DFT), Least Mean Squares (LMS), Wavelet
transform, Stockwell transform, ESPRIT, MUSIC, among
others. In this work, the LMS was used, following the first
method described in [43], due to its simplicity and precision.

E. Fault detection and classification

The fault detection is performed by an undervoltage
algorithm:

Vdc < Vth (15)

where Vdc is the measured terminal DC voltage after filtering
and Vth is the undervoltage threshold, equal to 0.85 p.u in this
study.

A counter is incremented if (15) is true and decremented if
it is false. When the counter reaches 3, the fault is detected.
This avoids misdetection due to noise and spikes.
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The fault classification is performed by comparing the
currents in the positive and the negative poles, using the
currents described in (13) and (14). When the fault is PG, the
current in the faulty pole will be higher than the current in the
healthy pole; hence idiff will be high. When the fault is PP,
the currents in both poles will be approximately equal; hence
idiff will be close to zero and icm will be high. Therefore, the
fault is classified as a PP one if |icm| > |idiff |. Conversely,
the fault is classified as a PG one if |idiff | > |icm|.

III. SIMULATION RESULTS

In this section, the protection performance is analysed in a
simulation environment.

A. Test system and methodology

In order to evaluate the proposed algorithm, the symmetrical
monopolar, four-terminal system presented in Fig. 5, based on
[44], was simulated in PSCAD/EMTDC. The converters were
modeled with the detailed Thévenin equivalent model [45]. All
DC links were modeled using the frequency-dependent cable
model. The cables were 320 kV cross-linked polyethylene
(XLPE) insulated and their parameters were based on [44].
The armour and sheath were assumed to be ideally grounded,
and soil resistivity was assumed to be 1 Ωm. The converter’s
internal overcurrent protection was set to 2 p.u. = 3.87 kA
for MMC 4 and equal to 2.9 kA for MMCs 1, 2 and 3. The
pick-up time was 100 µs. LFCL = 30 mH in the terminals 1,
2 and 3 and equal to 50 mH in the terminal 4.

All voltages and currents were corrupted with white noise
with SNR = 40 dB. The DC component due to pole
unbalance was filtered from the currents in Cp using a 2-order
high-pass Butterworth filter with cutting frequency of 50 Hz.
No low-pass filtering was necessary due to the noise-tolerant
characteristic of the LMS. For the terminal voltages, a moving
average filter was used with a length equal to 4 samples. All
variables were processed at a sampling frequency of 50 kHz.
The LMS parameters were: window length L = 35 samples
and distance between consecutive samples k = 12.

The proposed protection algorithm was tested in all ten
circuit breakers of the system, at the same time. The breakers
were called CBxy , where x was the terminal where the breaker
was installed and y the far terminal where the protected line
was connected.

As the same DC capacitor provides measurement for
all circuit breakers in a terminal, only one breaker per
terminal should proceed to fault identification. Thus, the
fault identification was performed only for the first breaker
of each terminal to detect the fault by undervoltage. This
requires communication between circuit breakers within the
same terminal, but can also be performed locally in the breaker
by detecting a negative current derivative [23], [46]. Using the
polarity of the current derivative can also discriminate busbar
faults, although the full consideration of these faults was not
within our scope. The beginning of the time window for the
frequency estimation was defined as five samples before icm
or idiff reached 0.04 kA.

MMC 1380 kV
50 Hz

Link 12
100 km

Link 13
200 km

Link 14
200 km

Link 24
150 km

Link 34
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Fig. 5. HVDC test system [44] used for the algorithm evaluation.

TABLE I
DEFINED PROTECTION THRESHOLDS FOR FAULT IDENTIFICATION

ωth
Terminal 1 Terminal 2 Terminal 3 Terminal 4

(Hz) CB12 CB13 CB14 CB21 CB24 CB31 CB34 CB41 CB42 CB43

PP 960 880 880 870 840 810 840 750 810 840
PG 760 740 740 690 670 660 680 620 640 660

1) Simulated faults: PP and positive PG faults were
simulated from the beginning to the end of all cables, in steps
of 10 km. The simulated fault resistances were 1Ω, 10Ω, 30Ω,
50Ω and 80Ω. In total, 700 faults were simulated. The circuit
breakers operation was not considered in the simulations, only
their measurements and trip signals. Further details on their
operation can be found in [47].

2) Sizing the DC probe capacitors: The simulated cable
travelling wave speed was 183.5 km/ms, which resulted in a
maximum travel time of 200 km/183.5 km/ms = 1.09 ms in the
longest cable. Thus, Cp was chosen such that the inverse of
the minimum resonance frequency (1/ωmin) in the first zone
was lower than this maximum travel time. Because of the skin
effect, the cable parameters change with frequency, hence the
resistance and inductance must be calculated at the desired
resonance frequency. At 800 Hz the cables’ total inductance
was: L12 = 21.2 mH, L13 = 42.3 mH, L14 = 42.3 mH, L24 =
31.7 mH, L34 = 21.2 mH. Although the cables’ inductance
varies with frequency, this variation is more significant in
a log-scale, where the frequencies vary thousands of times
compared to the nominal value. In the case of this study, all
analyzed frequencies have the same order of magnitude and,
when summed with the fixed inductance of the DC reactor,
their variation around ωmin was negligible. For the sake of
simplicity, a common Cp = 2µF was chosen for all terminals,
which respects the maximum travel time aforementioned.

3) Defining the thresholds: According to Fig. 4, any
threshold between ωmin and ω2nd, calculated by the analytical
model, would ensure selectivity between the two zones.
However, the reflection of the travelling waves on the terminal
has a high-frequency content which corrupts the frequency
estimation, raising the estimated frequency. Therefore, the
analytical model (6) and (10) was used as a starting point
and the threshold is adjusted to a value between ωmin and
ω2nd obtained from the simulations. The defined frequency
thresholds, in Hz, are summarized in Table I.

This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3139245

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE II
PROPOSED PROTECTION SELECTIVITY

Terminal 1 Terminal 2 Terminal 3 Terminal 4

Rf CB12 CB13 CB14 CB21 CB24 CB31 CB34 CB41 CB42 CB43

1Ω 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
10Ω 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
30Ω 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
50Ω 100% 100% 100% 99.3%98.6% 98.6%98.6% 100% 100% 98.6%
80Ω 99.3%100% 100% 98.6%98.6% 97.9%97.9% 99.3%99.3%98.6%

B. Results overview

For all simulated faults up to 30Ω, distance protection
operated with 100% of selectivity, correctly identifying a fault
as being in the first or second zone. It should be noted that
this result was observed in all ten circuit breakers at the same
time, totaling almost 7000 corrected operations. The overall
result is shown in Table II. As can be observed in Table II,
the proposed protection technique was also highly selective for
higher fault resistances, such as 50Ω and 80Ω. The proposed
algorithm presented high selectivity even using lower values
for LFCL than described by [5].

C. Test cases

To exemplify the proposed distance protection, two cases
are discussed in more detail: a 30Ω PP fault on Link 14,
150 km from MMC 4 and a 1Ω PG fault on Link 12, 70 km
from MMC 1. In both tests, tb indicates the beginning of the
time window and L the window length.

1) PP fault 150 km from MMC 4: Fig. 6 shows the positive
pole voltage Vdcp, icm and ωp for the first fault case, measured
by CB41. Although the fault happened at t=0, it took 0.8 ms
to hit the Terminal 4 (T4). Following the fault inception,
Cp oscillates and the resonance frequency is estimated. The
protection trips for all breakers are shown in Fig. 7. As can
be observed in Fig. 7, all breakers correctly detected the fault.
The different detection delays among breakers was because the
travelling waves take a longer time to reach distant terminals.
Although all breakers detected the fault, only one breaker per
terminal proceeded with the fault identification algorithm, with
CB14 and CB41 correctly identifying the fault as in the first
zone and CB21 and CB31 correctly identifying the fault as in
the second zone.

2) PG fault 70 km from MMC 1: Fig. 8 shows Vdcp,
idiff and ωp for the second fault case. In this fault case,
the converter was blocked at t= 1.9 ms, which changed the
resonance frequency. However, as the frequency was already
estimated, the blocking of the converter did not influence the
protection performance. The protection trips for all breakers
are shown in Fig. 9. As can be observed in Fig. 9, all breakers
detected the fault. The fault identification was performed
correctly, with CB12 and CB21 identifying the fault as in the
first zone and CB31 and CB42 identifying the fault as in the
second zone.
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CB43
CB42
CB41
CB34
CB31
CB24
CB21
CB14
CB13
CB12

Fault hits T1

Fault hits T4

CB43
CB42
CB41
CB34
CB31
CB24
CB21
CB14
CB13
CB12

2.50 0.5 1.0
Time (ms)

1.5 2.0

Fault hits T1

Fault hits T4
First zone
Second zone

a)

b)

0 0.5 1.0 1.5 2.0 2.5-0.5

-0.5

Fig. 7. 30Ω PP fault on Link 14, 150 km from MMC 4. a) Fault detection
states. b) Fault identification states.

D. Influence of converter blocking
The proposed protection algorithm was developed based on

the assumption that the converter will be in the capacitive
discharge stage (converter no blocked) when ωp is estimated.
As the proposed protection algorithm operates in 700 µs, it is
unlikely to have the converter blocked within this period. In all
7000 cases tested, frequency estimation was performed before
the converters were blocked. For the most severe scenario (1 Ω
PP fault close to the converters) the converters were blocked
only after 1.52 ms, which provides a sufficient time-span for
frequency estimation. Therefore, in all 7000 cases tested, all
frequency estimations were performed before the converters
were blocked.

IV. HARDWARE REAL-TIME TESTING

In order to verify the applicability of the proposed
technique, the fault identification algorithm was embedded
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and tested in hardware running in real-time. The algorithm
was embedded in four Texas Instruments Microcontroller Unit
(MCU) F28379D Launchpad. Each MCU represented one
circuit breaker of the four-terminal system. The algorithm ran
at a sampling frequency of 50 kHz.

A. Experimental setup
The current waveforms (idiff and icm) obtained from

PSCAD were loaded in the RTDS and then injected into
the four MCUs. The waveforms were converted to analog
voltage signals between 0–3 V using the following scale:
-1.65 kA ≡ 0 V and 1.65 kA ≡ 3 V. Due to intense
electromagnetic interference within the laboratory, 8 passive
first-order anti-aliasing filters were built. The filter parameters
were: R = 220Ω, C = 0.680 µF and cut-off frequency equal
to 1063 Hz. After the analog-to-digital conversion, the currents
were filtered by a moving average filter of 18 samples. Four

digital states were produced by each MCU: fault detection,
estimated frequency (a pulse with a period equal to 5 µs per
Hz), first zone trigger and second zone trigger. The digital
states were injected back in the RTDS, closing the loop. Thus,
a total of 8 analog signals and 16 digital signals were used in
the tests. The experimental setup is shown in Fig. 10.

Fig. 10. Experimental setup.

B. Experimental results

The protection for two faults cases is presented. The first
case was a 10Ω PG fault on Link 34, 40 km from MMC 3.
For the first case, the thresholds of the breakers CB13, CB24,
CB34 and CB43 were set. The second case was a 10Ω PP
fault on Link 24, 70 km from MMC 4. For the second
case, the thresholds of the breakers CB12, CB24, CB34 and
CB42 were set. The tests started at t = 40 ms with 1 ms
of pre-fault. Fig 11 and Fig. 12 show the results for the
first and second case, respectively. The proposed algorithm
performed correctly in the four emulated circuit breakers
and for both fault cases. Only the breakers protecting the
faulty cable raised the first zone trip. The delays in fault
detection are due to fault waves travel time, as a unique time
reference was used for all measurements. The results confirm
that the proposed algorithm is not only selective and fast
but simple enough to be embedded in a simple MCU, thus
not requiring powerful measurement systems and sophisticated
signal processing techniques to operate correctly.
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C. Practical limitations

The following challenges should be addressed when using
the algorithm in real systems:

• Inaccurate system data. During the long-term operation
of the HVDC system, parameters such as capacitances
and inductances might slightly deviate from the
pre-commissioned values due to ageing and degradation.
These should be regularly updated to keep the distance
estimation at maximum precision.

• Signal processing limitations. The proposed algorithm is
based on the estimation of a resonant frequency. Thus,

the measurement system and the relay must be capable
of adequately filtering and rejecting noise, spikes, and
other spurious components in the signal that might affect
the frequency estimation. Moreover, the filtering must
be well adjusted not to attenuate the resonant frequency
component.

• Short lines. If a small DC reactor is used along short
transmission lines, the natural frequency of travelling
waves can interfere with the resonant frequency. In this
situation, the small system must be simulated to verify if
the frequency of the travelling waves is too close to the
resonant frequency.

• Transient response of instrument voltage and current
transformers. The frequency response of the measurement
system must be evaluated to avoid spurious oscillations
from being generated in the measured currents and
voltages.

• Mid-point ground missing. If the system loses the
mid-point ground, the poles can be unevenly charged. In
the case of a PP fault, the behaviour of the oscillatory
component will not change as the equivalent circuit
in a PP fault is not affected by the ground. Thus,
distance protection will operate normally. However, in
the case of a PG fault, as there is no path for the fault
current, the oscillatory component will be affected and
may even be absent depending on the grounding of the
converter. In this scenario, as the common-mode current
will always be equal to the differential-mode current, the
fault classification will not function properly. However,
this can be easily detected by an neutral alarm.

V. CONCLUSIONS

The paper proposed a new distance protection algorithm
for HVDC grids. The proposed algorithm was capable
of providing selective fault identification with local
measurements only, using the resonance frequency of a
probe capacitor installed in each system terminal. The method
is simple, reliable and the design procedure was inspired in
AC distance protection, which makes it more attractive to
protection engineers.

The proposed algorithm was tested in a four-terminal HVDC
grid with five cables and ten circuit breakers operating at
the same time, confirming that the same design procedure
could be generalized for all circuit breakers. Real-time testing
in hardware demonstrated that the algorithm is feasible
and simple enough to be embedded in an MCU, thus not
requiring powerful measurement systems or sophisticated
signal processing techniques to operate correctly.

The proposed technique contributes to the recent efforts to
provide a selective, non-unit and fast fault identification in
HVDC grids protection. Overcoming these challenges is key
to increasing the reliability and availability of future grids.

Future works might address both short-circuit models and
protection algorithms. In short-circuit models, research activity
is needed to provide more precise representations of DC
lines and cables, model the travelling waves with more
simplicity, account for the participation of multiple cables
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into the fault, and represent the impact of DC faults on the
AC side. Moreover, future models should consider a grid
composed of different converter topologies. In protection,
new investigations can include the fault identification
algorithm’s performance in an MTDC system comprising
different converter topologies, and further tests should be
performed with respect to another system’s conditions, such
as initialization, reconfiguration, line energization, faults
produced by lightning, and faults at the DC bus. Another line
of research could investigate the use of the proposed distance
protection algorithm in medium-voltage DC grids.
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