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A Pilot Protection Scheme for Transmission
Lines of Half-Bridge MMC-HVDC Grids Using
Cosine Distance Criterion

Mohammad Farshad

Abstract-- One of the major challenges in half-bridge modular
multilevel converter-based high-voltage dc (MMC-HVDC) grids is
the rapid detection and isolation of short-circuit faults before
converter blocking and the entire grid shutdown. With the
advancement of the hybrid dc circuit breakers (HDCCBS) in the
ultra-fast isolation of faults, a considerable part of the problem has
been solved. In this paper, relying on the performance of these
circuit breakers and using the cosine distance criterion, a new pilot
protection scheme is designed and presented for detecting short-
circuit faults in transmission lines of half-bridge MMC-HVDC
grids. While this scheme requires a comparatively low sampling
frequency, its fault detection speed is quite independent of fault
resistance. Moreover, this protection has the correct performance
for any fault location along the line under protection and is
completely stable against all external faults. The results of the
evaluations on a 4-bus test grid under different fault conditions
confirm the correct, ultra-fast, stable, selective, and reliable
performance of the proposed line protection scheme.

Index Terms-- Distance measurement mathematics, HVDC
transmission, modular multilevel converters, power grids, power
system protection.

I. INTRODUCTION

N recent years, modular multilevel converters (MMCs) have

attracted attention more than other converters for the
development of multiterminal high-voltage dc (HVDC) grids
[1]. This type of converter has been introduced in various
structures like half-bridge, clamped double half-bridge, and
full-bridge; among which, the half-bridge MMC has less cost
and losses [2], [3]. However, the half-bridge MMC is not able
to control fault currents, and as a result, HVYDC grids based on
this type of converter face the challenge of the ultra-fast
detection and interruption of short-circuit currents before
converter blocking and the entire grid outage. Employing the
hybrid dc circuit breakers (HDCCBs), faults can be isolated
very fast [4]. Nevertheless, to detect faults rapidly and
correctly, specific protection schemes should also be designed
for these grids.

Among the schemes proposed for the protection of
transmission lines in MMC-HVDC grids, some of them are
based on local measurements in one terminal. For instance, the

authors of [5] have utilized the locally measured voltage change
rate for designing a quick-action protection scheme. The
authors of [6] have also presented a single-ended protection
scheme based on the voltage derivative and magnitude for
detecting faults and the current derivative for determining their
direction. In [7], the researchers have employed the voltage
derivative as the start-up criterion, the voltage high-frequency
transients for distinguishing internal faults, and the current
changes for faulty pole selection. Some other criteria
combinations used so far in the single-ended protection
schemes are as follows: voltage derivative, difference of
integral of voltage changes in positive and negative poles, and
integral of square of transient voltages [8]; voltage derivative
and integral of reactor voltage in 0 and line modes [9]; energy
of coefficients obtained from real-time boundary wavelet
transform of reactor voltages [10]; voltage drop and
morphological gradient of voltage traveling-waves [11];
voltage derivative and energy of forward and backward
traveling-waves [12]; wavelet transform modulus maximum of
initial traveling-wave [13]; current derivative and wavelet
transform modulus maximum of initial traveling-wave [14];
abrupt voltage change (for backup protection) [15]; and forward
and backward traveling-waves’ energies and time difference of
traveling-waves in 0 and 1 modes [16]. Despite the innovative
design of these schemes, they may suffer from some inherent
shortcomings. For instance, the studies in [17] show that criteria
like the current and voltage derivatives require a relatively high
sampling frequency for acceptable performance. Also, the
sensitivity of these single-ended protections may decrease for
faults far from the measuring point [14], and they may require
receiving the trip signal from the protection on the other end for
such faults [16].

Another category includes the line protection algorithms that
require signals measured at two or more points for calculations.
For instance, the backup protection based on the voltage
changes and the cosine similarity between forward and
backward traveling-waves at both line terminals [18], the
differential protection based on the wavelet transform and the
energy of current signals at both line ends [19], and the
differential protection based on the optical current sensors
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distributed along lines [20] fall into this category.

Third category comprises the line protection schemes that
perform calculations at each end of the line based on local
measurements; while, they require to exchange the fault
detection signals between two ends for making the final
protective decisions. The authors of [21] have designed primary
and backup protections based on the locally measured voltage
of current-limiting reactors, where the backup protection
requires to share the fault detection signals between the
protected line ends, via a communication link. Also, the
researchers have employed the voltage polarities of current-
limiting reactors in [22] and the voltage changes and the
polarities of traveling-waves’ transient energy in [23] to design
the protections that require exchanging the binary fault
detection logics as the results of local measurements and
computations at each line terminal. It should be noted that
transmitting and receiving logic signals with binary values of 0
or 1, rather than measured current and voltage signals, are
technically simpler with lower processing delays and do not
necessitate time synchronization. However, the speed of the
protections in the third category still depends on the line length
due to the time delay of fault signature arrival to both terminals
and the communication latency. As noted by the authors of [22],
their protection has been originally designed to back up the
primary protection. On the other hand, the authors of [23] have
discussed the applicability of their scheme as the primary or
backup protection. Indeed, all the line protections presented in
[21]-[23], even those originally designed to back up the primary
protection, can satisfy the primary protection requirements if
the line length is not too long [23].

In this paper, a new scheme based on the cosine distance

criterion is proposed for protecting lines in half-bridge MMC-
HVDC multiterminal systems, which belongs to the third
category of the schemes. This ultra-high-speed protection
requires a smaller sampling frequency in comparison to the
existing ones, making its implementation easier. This scheme
performs well for all fault locations along the line under
protection, and its speed is independent of the fault resistance.
Also, this protection is stable for all ac and dc faults outside the
protected line.
The rest of this paper is prepared as follows: Section 1l analyzes
line faults in MMC-HVDC grids. Section Il describes the
proposed scheme. The evaluation results are presented in
Section V. Lastly, this paper is concluded in Section V.

Il. ANALYSIS OF SHORT-CIRCUIT FAULTS IN GRID LINES

Fig. 1 depicts a portion of a half-bridge MMC-HVDC grid
with the symmetric monopole configuration embedding
HDCCBs. Also, this grid is equipped with voltage and current
measurement instruments between each HDCCB and its
corresponding current-limiting reactor, Lqc. Suppose that a fault
occurs on the positive pole of the transmission line between
Buses k and j. As can be seen in Fig. 1, immediately after the
fault occurs, the superimposed fault currents flow along the
measurement direction at both sides of the faulty line and have
increasing effects on both measured currents. On the other
hand, the superimposed fault current in a healthy line flows
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along the measurement direction at one side and the opposite
direction of the other one. Moreover, the superimposed fault
voltages have significant decreasing effects on the measured
voltages at both sides of the faulty line.
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Fi_g. 1. A portion of a multiterminal MMC-HVDC system with a line fault.

The superimposed fault components at time t can be
calculated by subtracting the prefault components from the
measured values at time t:

In[t] = Lint] = Ien €))

Veien[t] = Vien[t] = Vigen (2)
where, lun, I, lkn, Vin, Vi, @and Vi are the superimposed
current, the measured current, the average prefault load current,
the superimposed voltage, the measured voltage, and the
average prefault voltage, respectively, at the boundary of n®
transmission line linked to Bus k. By replacing index k with j in
these wvariables, the corresponding values for the lines
connected to Bus j are represented.

Figs. 2 and 3 exhibit the superimposed fault currents and
voltages of the positive pole, respectively, for two positive-
pole-to-ground (p-g) short-circuit faults in the 100-km line
shown in Fig. 1 under the following conditions:

- At 10 km from Bus k with a 5-Q fault resistance

- At 10 km from Bus j with a 100-Q fault resistance

As can be seen in Fig. 2, in the first postfault moments,
ignoring the amplitudes, the orientations of the fault current
signals at both ends of the faulty line, In. and Iy, are
incremental and the same under different fault conditions,
offering a discriminating criterion for detecting the faults on
this line. Furthermore, as can be comprehended from Fig. 3, the
superimposed voltage signals at both ends of the faulty line, Vi
and Vg, have experienced significant drops, and their
orientations are the same under both fault conditions. Although
the voltage orientation does not offer a better discriminating
criterion compared to the current orientation, it can be
considered as an auxiliary criterion to be sure about the fault
occurrence, for more reliably discriminating fault cases from
other normal or abnormal conditions.

It should be noted that similar analysis results can be inferred
for the faults occurring on the negative pole with attention to
the measuring direction of the instruments installed on this pole.
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Fig. 2. Superimposed currents for faults: (a) at 10 km from Bus k with a 5-Q
fault resistance, (b) at 10 km from Bus j with a 100-Q fault resistance.
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Fig. 3. Superimposed voltages for faults: (a) at 10 km from Bus k with a 5-Q
fault resistance, (b) at 10 km from Bus j with a 100-Q fault resistance.

I11. LINE PROTECTION SCHEME

Based on the discussions provided in Section Il, it is sensible
to prerecord some reference superimposed signals under an
internal fault condition and compare the orientations of real-
time new superimposed signals to them for distinguishing
possible internal faults. The cosine distance measure is suitable
for this purpose since it can provide the quantitative orientation
difference between two input vectors/signals [24], ignoring
their amplitudes that can be affected by the location and
resistance of faults. The greater the orientation difference, the
greater the cosine distance value, and vice versa. Besides, the
use of superimposed components will cancel out possible
effects of prefault conditions on the scheme’s performance. The
cosine distance of each data window of a superimposed signal
to the corresponding reference signal is calculated as follows:

e+ x)(e+y)

d-(X,Y)=1-—
¢ JEE (e + )2 I (e + )2

(3)

where, dc(.,.) indicates the cosine distance function, x; is the it"
sample in the considered data window of the superimposed
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component X, i is the i sample of the corresponding reference
signal Y, and m is the number of samples in the data window.
The cosine distance dc is generally a value between 0 and 2. To
ensure that x; and y; are of the same sign under normal operating
conditions, and consequently, the cosine distance remains
between 0 and 1 and does not abruptly fluctuate under these
conditions, the following ¢ is added to them:

m
E=aX |ybase| X sgn (Zyl>

i=1

C)

where, sgn(.) indicates the sign function, ynase is the grid base
value for the signal of interest (current or voltage), and « is a
small positive constant factor. The factor « should be chosen so
that the absolute of ¢ s greater than the maximum magnitude of
the corresponding superimposed values’ deviations from zero
in the normal operating conditions. Usually, taking « in the
range 0.05~0.1 is sufficient to meet this stipulation. As can be
comprehended from (4), the value of & will be equal to a small
proportion of the relevant nominal value, with a sign identical
to the dominant sign of the relevant reference signal.

A. Designing Line Protection Algorithm

For generating the reference signals for the protection of
each pole of each transmission line, first, a severe (solid) fault
that has a high priority to be rapidly detected is applied in the
middle of that line. Then, 2-ms data windows of the
superimposed current and voltage signals at both line ends are
recorded, including 1 ms ahead of and 1 ms later than the
moment of fault signature appearance.

The protection units are located on both ends of the protected
pole. In the protection unit of each side, at any moment, 2-ms
data windows of the locally measured current and voltage
signals at the beginning of the protected pole are considered as
inputs. Then, the corresponding averages of 2-ms data windows
just a moment ago, e.g., 16 ms ago, are subtracted from them so
that the superimposed components are obtained. With attention
to the quickness of protections and HDCCBs, this 16-ms delay
is sufficient for correctly calculating the prefault components
for the time frame required after the fault incidence.

In the next step, the cosine distances between the data
windows of the superimposed components and the
corresponding prerecorded reference signals are calculated and
compared with the threshold values. For example, for the
protection unit installed at the boundary of 2" transmission line
linked to Bus k, the following conditions are checked:

)

dc(l}dfcz:lfg) < détpr

de (Vo Vit ) < dttr (6)
where, If, and Vg, are the vectors containing 2-ms data
windows of the superimposed current and voltage signals,
respectively, at the boundary of 2" transmission line linked to
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Fig. 4. Pilot protection algorithm designed for one pole of the transmission line between Buses k and j.

Bus k. Likewise, I7] and V5 indicate the vectors containing

2-ms data windows of the reference current and voltage signals,
respectively, prerecorded at the boundary of 2" transmission
line linked to Bus k. Moreover, dil,, and dLV,. are the
thresholds of the line current and voltage cosine distances,
respectively.

If both of the conditions (5) and (6) are simultaneously satisfied,
a logic signal with a value of 1 is transmitted via a fiber-optic
link to the protection unit of the other end for a certain duration
of time, e.g., 5 ms, using a monostable multivibrator. This 5-ms
pulse duration is considered to compensate for the time delay
of fault signature arrival to the other side, the communication
latency, and the detection time delay of the remote protection
unit. If a signal indicating fault is also received from the other
end of the pole during this 5 ms, the trip signal is generated. If
the grid is bipolar, the trip command is issued to only the local
HDCCB of the protected pole, while in a monopolar grid, the
disconnection command should be sent to the local HDCCB of
the opposite pole too [2]. Fig. 4 illustrates the line protection
algorithm designed for one pole of the transmission line
between Buses k and j.

In the proposed scheme, when the calculations designated in
the algorithm are completed for the present data windows, the
input data window of each measuring signal will be updated by
entering one new sample and throwing out the last old sample.

The thresholds should be set for critical non-severe
conditions. Hence, for adjusting the threshold values for the
protection of each line, d:L,, and d%Y,,, it is recommended to
consider a non-severe internal fault condition, like a single-pole
fault with a probable high resistance that is desirable to be
quickly detected. It is also sensible to place this fault in the
middle of the line for ensuring the applicability of the adjusted

thresholds for the protection units located on both ends.
Through investigating the obtained cosine distances in the
postfault moments, the threshold values should be determined
such that the protection units located on both ends of the
protected pole can quickly detect this non-severe fault by
simultaneously satisfying both the conditions (5) and (6).

B. Detection and Trip Time Delays

One of the important requirements of the protections
designed for half-bridge MMC-HVDC grids is the detection of
internal fault and the issuance of trip command within a few
milliseconds, e.g., 3 ms for the Zhangbei grid in China [8], [14].
Fig. 5 illustrates a diagram of the scheme’s time delays for a
fault closer to Bus k. In this figure, £/, t,”, ¢, and t;"”

indicate the fault detection delay in Bus Kk, the trip command
delay in Bus k, the fault detection delay in Bus j, and the trip
command delay in Bus j, respectively, after the appearance of
fault signatures. Also, t,;;™ and t;’™ are the delays regarding
the transmission of fault detection signals between Buses k and
j. Based on Fig. 5, the maximum trip delay at each end is related
to the case in which a fault occurs in the closest distance from
that end; because, in this case, the time delay of fault signature
arrival to the other side is maximum; while, the fault signature
appears immediately at that end.
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Fig. 5. Diagram of the proposed scheme’s time delays.
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IV. RESULTS AND DISCUSSION

Here, the proposed scheme is evaluated on a test grid
simulated in PSCAD/EMTDC interfaced with MATLAB.

A. Test Grid

Fig. 6 depicts the single-line diagram of the test 4-bus half-
bridge MMC-HVDC grid with the symmetric monopole
configuration and the rated voltage of £320 kV [25]. The half-
bridge MMCs are simulated based on the continuous model
considering blocking capability. The rated powers of MMC1,
MMC2, and MMC3 are 900 MVA, while the rated power of
MMC4 is 1200 MVA. In this grid, each HDCCB is simulated
based on a simplified model, including an ideal circuit breaker
in parallel with an arrester with a rated voltage of 480 kV, which
starts interrupting the current with a 2-ms delay after receiving
the trip command. The series current-limiting reactor, Lgc, of
each HDCCB has an inductance of 150 mH. The cable lines of
the test grid are simulated based on the frequency-dependent
model (phase) using the configuration presented in [25]. More
details of this grid can be accessed in [25].

Line 12: 100 km cable L
- ool

Bus 2

Protected line:
positive pole of F1

Line 13

Line 24: 150 km cable

Line 13: 200 km cable

+ 320 kV
DC grid
AC

main

grid > N

Line 34: 100 km cable
o . o

Bus 3 F8
Fig. 6. Single-line diagram of the test grid.

Bus 4

B. Preparing the Line Protection

In this study, the proposed protection is only installed on two
sides of the positive pole of the 200-km cable line between
Buses 1 and 3, i.e., Line 13. The signals are sampled at 5 kHz.
According to the measurement results in [26], the
communication delay in the fiber-optic cable is about 5 ps/km.
Thus, to simulate the communication delay in the 200-km fiber-
optic cable between Buses 1 and 3, a 1-ms delay is considered
for receiving the detection signal from the other side.

For generating the reference signals for the protection of the
positive pole of Line 13, a positive-pole-to-negative-pole (p-n)
short-circuit fault through a 0.01-Q resistance is simulated in
the middle of the line, and the superimposed current and voltage
samples at both ends of the line are stored 1 ms before and after
the fault signature appearance. Fig. 7 shows the recorded
reference signals for this fault. As can be seen, since the prefault
conditions are eliminated and the superimposed components are
used, the reference signals of both ends are almost the same;
while, the prefault values of one end differ from the other.
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To calculate using (4), «is considered to be 0.05 (the same
for current and voltage). The base voltage of the grid is 320 kV.
Also, considering the rated power of the largest converter, i.e.,
1200 MVA, the base current of the grid is 1.875 kA.

For setting the thresholds of the line protection, a p-g short-
circuit fault with a 500-Q high resistance is simulated in the
middle of Line 13. Fig. 8(a) presents the superimposed current
and voltage signals of the positive pole, and Fig. 8(b) shows
their cosine distance values relative to the corresponding
reference samples. The threshold values should be determined
such that the line protection can detect the fault as soon as
possible. According to this figure, the thresholds, d%i,, and
dL¥, ., are determined as 0.2 and 0.15, respectively.
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Fig. 8. Simulation of a p-g fault with a 500-Q resistance in the middle of Line
13: (a) superimposed current and voltage signals, (b) cosine distances.

C. Performance for Internal Faults

Here, the protection of the positive pole of Line 13 is
evaluated for internal p-n and p-g faults located at F1, F2, and
F3 indicated in Fig. 6. As an example case, Fig. 9(a) exhibits
the superimposed current and voltage signals of the positive
pole, and Fig. 9(b) shows the cosine distances, the fault
detection signals, and the trip signals on both ends of the
protected line for the internal solid p-n fault at F2. As is clear in
Fig. 9(b), the protection units of both ends have picked up and
issued the trip commands correctly.

Table | represents the detection and trip time delays after the

appearance of fault signatures, i.e., tf¢t, ¢/'?, tg¢t, and ti'™®
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indicated in Fig. 5, for various internal fault conditions.
According to this table, the time delays do not depend on the
fault resistance value. Indeed, the proposed line protection can
detect p-g faults with resistance values up to 500 Q and p-n
faults with resistance values up to 1000 Q very fast and issue
the disconnection command to the local HDCCBs with a
maximum delay of 3 ms. This maximum delay is related to the
faults at the boundaries of the 200-km-long cable line. Thus,
considering a typical allowable delay of 3 ms [8], [14], the
proposed algorithm can properly act as the primary protection
for cable lines with lengths up to 200 km. The proposed line
protection can be employed as fast backup protection for longer
cable lines due to the increased time delay of fault signature
arrival to both terminals and the increased communication
latency.

TABLE |

Performance of the Protection of Line 13 for Internal Faults
) Fault Fault GG || & || e || 62
Fault location type |resistance (Q2) | (ms) (r%s) (ms) (r;s)
og 0.01 08 18 [08[18
. . 500 10 | 20| 10 | 20
FL é'f”Ltihneeng'e 001 |08 |18] 0818
p-n 500 06 | 16 | 06 | 1.6
1000 10| 20| 10| 20
0.01 08 |30 08|08
P9 500 08 | 30|08 |08
F2 (near Bus 1) 0.01 08 ]30[08]08
p-n 500 06 | 28 | 0.6 | 0.6
1000 08 | 3.0 | 08| 0.8
0.01 08 | 08 | 08| 3.0
P9 500 08| 08|08 | 30
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Fig. 9. Simulation of a solid p-n fault at F2: (a) superimposed signals, (b) cosine
distances, detection signals, and trip signals.
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D. Performance for External Faults

Here, the protection of the positive pole of Line 13 is
evaluated for severe external faults. To this end, three solid p-n
faults at Bus 1, at the beginning of Line 12, and at the beginning
of Line 14, i.e., at F4, F5, and F6, are simulated. The obtained
results show that the protection unit of Bus 3 sees and detects
the external faults located at F4, F5, and F6; however, it does
not issue the trip command because it does not receive the
confirmation from the protection unit of Bus 1. As an example,
Fig. 10 shows the simulation result for the external fault at F4,
confirming the described operation for the protection units of
Buses 1 and 3. For investigating the scheme’s robustness, in the
simulation of this external bus fault, it is supposed that the
HDCCBs connected to Bus 1 are tripped by the bus protection
[27] in a short time after the fault. According to Fig. 10(b), even
when the HDCCBs connected to Bus 1 have started to open, the
cosine distances in the protection unit of Bus 1 have not gone
down lower than the thresholds simultaneously, and the
protection have not maloperated.

For more investigations, two solid p-n faults at Bus 3 and at
the beginning of Line 34, i.e., F7 and F8, are also simulated.
According to the results, the protection unit of Bus 1 detects the
external faults at F7 and F8; however, it does not issue the trip
command because it does not receive the confirmation from the
protection unit of Bus 3. As an example, Fig. 11 exhibits the
simulation result for the external fault at F8. This figure also
confirms the described operation for the protection units located
on Buses 1 and 3 and the robustness of the proposed scheme.

Since the scheme is stable during the severe (solid) external
faults, it will be logically robust against resistive ones as well.
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Fig. 10. Simulation of an external solid p-n fault at F4: (a) superimposed
signals, (b) cosine distances and detection signals.
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Fig. 11. Simulation of an external solid p-n fault at F8: (a) superimposed
signals, (b) cosine distances and detection signals.

E. Performance under Measurement Errors

For studying the impacts of measurement errors on the
scheme’s performance, £2.5% uniformly distributed random
errors are added to the voltage and current samples measured at
both ends of Line 13, while the protection thresholds and the
reference signals are the same as before. Fig. 12 presents the
cosine distances, the fault detection signals, and the trip signals
on both ends of the protected line in the presence of
measurement errors for in-zone p-n faults through a high
resistance of 1000 Q2 at F1 and through a low resistance of 0.01
Q at F2. As can be seen, the protection units of both ends have
successfully detected these faults and issued the trip commands.
It should be noted that even with the measurement errors, the
detection and trip time delays are the same as the ones presented
in Table I.
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Fig. 12. Cosine distances, detection signals, and trip signals in the presence of
measurement errors for internal p-n faults: (a) with a 1000-Q high resistance at
F1, (b) with a 0.01-Q low resistance at F2.

F. Performance in Bipolar grids
Here, the £320-kV symmetric monopole test grid described
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in Section IV.A is modified to a +640-kV symmetric bipolar
grid with the ground return [1]. Then, the same line protection
prepared in Section IV.B is employed for protecting the positive
pole of Line 13 in the modified bipolar grid as well. According
to the results obtained in the case of internal and external faults,
the performance of the proposed scheme in the modified bipolar
grid is very similar to its performance in the monopole test grid.

As mentioned in Section IIl.A, the proposed protection
scheme is separately implemented for each pole of each
transmission line. The robustness of the protection of each pole
against single-pole faults on the opposite pole can be one of the
requirements, especially in bipolar grids. The evaluation results
obtained in the modified bipolar grid confirm that the proposed
scheme can remain stable during the faults involving only the
opposite pole. As an example, Fig. 13 presents the simulation
result for the solid negative-pole-to-ground (n-g) fault applied
at F2. As can be seen from this figure, none of the protection
units located on Bases 1 and 3 has been activated during the
severe n-g fault on Line 13. In other words, the protection of the
positive pole of Line 13 has remained stable during the n-g fault
on the same line.
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Fig. 13. Cosine distances and detection signals of the positive pole’s protection
for a solid n-g fault at F2, in the modified bipolar grid.

TABLE I
Comparison of the Proposed Scheme with Existing Ones

Line protection | Sampling frequency | Maximum detected fault resistance
Scheme of [5] Not declared Not declared
Scheme of [6] 100 kHz 60 Q
Scheme of [7] 100 kHz 400 Q
Scheme of [8] 20 kHz 200 Q
Scheme of [9] Not declared 200 Q
300 Q (single-pole)
Scheme of [10] 10 kHz 750 © (pole-to-pole)
Scheme of [11] 20 kHz 200 Q
Scheme of [12] 96 kHz 500 Q
Scheme of [13] 1000 kHz 300 Q
Scheme of [14] 25 and 100 kHz 500 Q
Scheme of [15] 50 kHz 10 Q (backup)
Scheme of [16] 200 kHz 300 Q
Scheme of [18] 10 kHz 1000 Q (backup)
Scheme of [19] 100 kHz 300 Q
Scheme of [20] 5 kHz 300 Q
380 Q (primary)
Scheme of [21] Not declared 1000 O (backup)
Scheme of [22] 50 kHz 400 Q (backup)
Scheme of [23] 1000 kHz 150 Q
Proposed 5 kHz 500 Q (single-pole)
scheme 1000 Q (pole-to-pole)

G. Comparison with Existing Methods
Table Il compares the proposed scheme to the existing
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protections of lines in MMC-HVDC grids. As can be seen in
this table, compared to the primary protections, the proposed
protection can detect higher-resistance faults. Only the backup
protections presented in [18] and [21] have demonstrated the
ability in detecting faults with a high resistance of 1000 Q.

It should be noted that a lower sampling frequency increases
the time between samples; consequently, it provides more time
for real-time computations and facilitates the implementation of
the protection algorithm. Based on Table II, the proposed
method requires the lowest sampling frequency compared to
other methods. Although the required sampling frequency of
the scheme presented in [20] is also 5 kHz, this scheme needs
distributed measurements along lines and has shown lower
capability in detecting high-resistance faults compared to the
proposed scheme.

V. CONCLUSION

A new scheme has been presented for protecting lines of
half-bridge MMC-HVDC grids. This scheme is based on the
cosine distance of the superimposed signals relative to the
corresponding prerecorded samples. The proposed scheme’s
performance has been evaluated in a test grid. The results have
confirmed that this scheme is highly sensitive to internal line
faults, and it can detect them and issue trip commands very fast,
even in the presence of a reasonable level of measurement
errors. Furthermore, the scheme is absolutely robust against
external faults outside the protected line and does not operate
incorrectly. Among the advantages of this scheme, its low
sampling frequency requirement of 5 kHz and high capability
in detecting high-resistance internal faults can be emphasized.
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