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A Fast Local Bus Current-Based Primary Relaying
Algorithm for HVDC Grids
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Abstract—This paper proposes a fast, selective, reliable, and
local bus primary relaying algorithm for high-voltage direct
current (HVDC) grids. The proposed relaying algorithm only uses
measurements obtained from current sensors to detect faults and
identify their locations. This algorithm is local and requires only
communication at the bus level rather than the system level. Fur-
thermore, the algorithm is not sensitive to the system configuration
and operating point and can be employed during line or converter
outages with limited retuning and adjustments. The proposed
algorithm is applied to a four-terminal HVDC grid. Study results
show that the proposed algorithm 1) detects faults on both
transmission lines and DC buses; 2) identifies the faulted bus or
transmission line; 3) requires insignificant computation capacity;
4) distinguishes between faults and other system transients to
prevent erroneous circuit-breaker trips; and 5) is not sensitive to
measurement noise.

Index Terms—Protective relaying, HVDC transmission lines,
power system protection.

I. INTRODUCTION

O ACHIEVE a more sustainable energy system, more re-
T newable energy resources are being added to the power
system. The integration of renewable resources such as off-
shore wind requires a transformation of the existing power
system. One approach is to expand the existing point-to-point
high-voltage direct current (HVDC) transmission lines to multi-
terminal HVDC networks and potentially HVDC grids [1]; as
HVDC technology is the only solution for economic power
transmission over long distances and cable connections [2].

An HVDC grid, where multiple DC converters are intercon-
nected by a meshed DC transmission network, is envisioned to
play a significant role in the future smart grid. Several chal-
lenges, in particular, those associated with control and protec-
tion, have hindered the realization of HVDC grids. HVDC grid
protection is far more difficult than AC grid protection as DC
fault phenomenon is one order of magnitude faster than AC fault
phenomenon.
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An HVDC grid protection system consists of DC circuit
breakers, relaying algorithm and sensors. In recent years, there
have been significant advancements in developing fast DC
breakers, e.g., electro-mechanical, pure solid-state and hybrid
[3]. However, fast, selective, reliable and sensitive relaying algo-
rithms, in the order of milliseconds, are still required to quickly
detect the fault and identify its location [4].

A comprehensive review of relaying algorithms for multi-
terminal HVDC grids is provided in [5]. The existing relays
include derivatives [6], voltage and current differential [7], [8],
overcurrent [9], [10] and traveling wave [11]. Derivative relays
use the rate of rise of current or voltage measurement for fault
detection and their speed relies on the accuracy of the deriva-
tive signals and the time required to mitigate the high frequency
effects in the waveforms. Overcurrent relays are mostly used
for blocking of converter valves or backup protection. Their
application as selective primary relays is limited [9]. Travel-
ing wave-based relays rely on the detection of a steep initial
wavefront in the voltage signal [4], [12]. These algorithms pri-
marily use measurements from voltage sensors to detect faults
and require high bandwidth voltage sensors at the ends of all
transmission lines. These algorithms also require measurements
obtained from current sensors to distinguish between faults on
DC buses and transmission lines, as voltage measurements do
not contain such information. Therefore, these relaying algo-
rithms based on voltage measurements require both current and
voltage sensors and are less economically viable compared to
algorithms relying only on current measurements. Those algo-
rithms relying on only voltage measurements require additional
voltage sensors at the two ends of all current limiting induc-
tors to detect bus faults [8], [13]. Newly-developed distance
relays for DC protection also require two voltage divider mea-
surements [14] or both current and voltage measurements [15]
to detect faults on transmission lines. Furthermore, a number of
the proposed relaying algorithms such as voltage and current dif-
ferential require communication between relays at both ends of
transmission lines [14], [16]-[19]. These algorithms may suffer
from communication complexities due to time delays and noise
and requires excessive communication infrastructure for large
HVDC grids. DC Protection schemes using AC breakers such as
the handshaking method [20] also use current measurements to
detect faults on transmission lines, however such methods result
in the loss of the entire grid during fault detection and isolation.

This paper proposes a local bus primary relaying algo-
rithm based on measurements obtained only from current sen-
sors. There are several features associated with the proposed
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Fig. 1. Four-terminal meshed HVDC grid test system. (a) Test system, (b) BLK;; and B LK; block diagrams.

algorithm: The algorithm 1) detects faults both on DC buses
and HVDC transmission lines, 2) does not require costly volt-
age sensors for fault detection and identification, 3) is local as it
only requires communication at the DC bus level, 4) is compu-
tationally inexpensive, 5) is not sensitive to the system operating
point, 6) distinguishes between transients caused by faults and
other events such as line or converter outages, 7) does not gen-
erate erroneous and unnecessary trip signals due to the trip of
responsible breakers, and 8) is not sensitive to measurement
noise.

This paper describes the design procedure of the proposed
primary relaying algorithm and evaluates its performance for
detecting both pole-to-pole and pole-to-ground faults on DC
buses and transmission lines. The relaying algorithm is applied
to a four-terminal HVDC grid with a symmetrical monopole
configuration. Study results show that the algorithm possesses
all the aforementioned features and promptly and accurately
detects faults under various system operating points and outages.

The remainder of the paper is organized as follows: The study
system is presented in Section II. The primary relaying algo-
rithm is discussed in Section III. Case studies, simulation re-
sults and discussions are presented in Section IV. Conclusions
are provided in Section V.

II. TEST SYSTEM

The test system considered in the studies of this paper is
the four-terminal meshed HVDC grid of [21], Fig. 1(a). The test
system represents a cable-based meshed HVDC grid connecting
two offshore wind farms to two onshore AC systems.

A. HVDC Grid Components

Half-bridge modular multilevel converters with symmetric
monopole configuration (with a DC voltage of +320 kV) are
connected to all DC terminals. A neutral point is available at the
DC side of all converters by using DC capacitors. The neutral
point is solidly grounded. The converters are presented by a

continuous model with anti-parallel diodes to represent their
IGBT blocking capability [22]. The cables are represented with
a frequency-dependent distributed parameter model. The cable
characteristic impedance (at 1 MHz) is 33.1 2 and the traveling
wave velocity is 183.5 km/ms.

The detailed description of the test system component models
and parameters is given in [21]. All the AC and DC system
parameters are similar to those of [21], except for the series
inductors which are considered to be 50 mH.

B. Breakers and Sensors

Fig. 1(b) shows the location of transducers and breakers.
Fast breakers C'B;; and C'B; are respectively inserted at ends
of all transmission lines and the DC side of converters. In-
ductors Lg are placed in series with breakers to limit the rate
of rise of current. Current sensors Sg; and Sj; are located be-
tween inductors and circuit breakers, Fig. 1(b). White Gaussian
noise is added to all signals to represent the various sources
of noise that can be introduced by the sensing elements, elec-
tronic units and signal processing components of the current
Sensors.

Fig. 2 shows the model of the breaker used in the studies of this
paper [23]. In this model, the current flows through load com-
mutation switches during normal conditions. After the breaker
receives the trip signal, the load commutation switches open
and, within 250 ps, commutate the fault current into the main
breaker [23]. Thereafter, the ultrafast disconnector opens within
2 ms and disconnects the load commutation switches from the
main circuit. Then, the main breaker opens and commutates
the fault current into the surge arrester bank. The surge arrester
bank dissipates the fault energy and reduces the fault current
into zero. After the fault current is interrupted, the residual cur-
rent breaker opens within 1 s to protect the arrester bank from
thermal overload. The proposed relaying algorithm of this paper
can be used with any type of fast breaker and its application is
not limited to the described hybrid breaker.
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III. PRIMARY RELAYING ALGORITHM

The proposed primary relaying algorithm consists of several
fault detection and identification (FDI) units, where each one
is associated with one DC bus, Fig. 3. The inputs to unit ¢ are
the measurements from sensors Sp; and .S;;. In each FDI unit,
a local bus relaying algorithm is applied to the unit inputs and
trip signals 7T; and T;; are generated. T; and T;; trigger the trip
of C'B; and U B;j, respectively. The relaying algorithm of each
FDI unit is a local one as only measurements at the bus level are
used to detect faults.

Each FDI unit includes three types of modules: i) bus fault
detection, ii) line fault detection, and iii) breaker coordination,
Fig. 4. Each FDI unit has one bus fault detection module, one
breaker coordination module and N line fault detection mod-
ules, where N is the number of transmission lines connected to
the associated DC bus.

To protect an HVDC grid, for a line fault, only breakers at
ends of the faulted line should trip. However, for a fault at
a DC bus, all breakers connected to that bus should trip. An
alternative is to replace the breaker at the DC side of a converter
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Fig. 4. FDI unit associated with DC bus .

with a disconnector. To clear a bus fault in such a configuration,
the breaker at the AC side of the converter trips. Then, the
disconnector at the DC side of the converter opens to de-energize
both the DC bus and the converter. In this paper, it is assumed
that a breaker is located at the DC side of each converter. This
configuration expedites the restoration of the grid.

A. Bus Fault Detection Module

The input to the bus fault detection module of FDI unit ¢
includes measurements from sensors Sg; and S;; (j € C; where
C; corresponds to the set of all lines connected to bus i), Fig. 4.
In the bus fault detection algorithm, the absolute value of sum of
all inputs to the module (S B;), is compared against a threshold
1%, Fig. 5. SB; = > jec, Lj + Ii where Ij and [ are the
currents measured by S;; and Sg;, respectively. If | SB; | > If? o
abus fault is detected. A near-zero value can be selected for I,
to discriminate between line and bus faults as well as accounting
for measurement noise.

Since the bus fault detection algorithm uses measurements
from all connections to the bus, it can correctly detect DC bus
faults and does not misidentify line faults close to the bus as bus
faults. Discriminating between bus and line faults is particularly
necessary for scenarios in which a line fault occurs close to the
bus. In such scenarios, the measurements at the healthy lines ad-
jacent to the faulted line do not differ significantly from those of
scenarios with a bus fault. Therefore, with an improper relaying
algorithm, line faults close to buses might be misidentified as
bus faults and erroneous trip signals might be sent to breakers.

B. Line Fault Detection Module

The input to the line L;; fault detection module of FDI unit 4
is the current measurement of sensor S, Fig. 4. In this module,
a new signal dI;; is generated from the current measurement
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I;. dI;; is the deviation of I;; from its moving average with
a window size of 20 samples (dI;; = I;; — M A(I;;), where
M A(-) stands for moving average). In the line fault detection
module, three criteria are evaluated, Fig. 5: 1) potential fault, ii)
reliability, and iii) selectivity. If all three criteria are satisfied, a
line fault is detected.
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The potential fault criterion is satisfied and a potential fault on
L;; is identified, when a peak in dI; j 1s detected. A peak is only
detected if the local extremum of d/;; remains the maximum
for more than two consecutive samples. This will prevent the
misidentification of local maximums caused by measurement
noise as a peak resulted from a fault. The value of I;; at the
instant that the n'" peak of dI;; is detected, is denoted by I7}.

In HVDC grids, regardless of the configurations or grounding
types, a DC fault always results in an increase in the fault current
and consequently a peak in J[ij. As the proposed algorithm
relies on detecting a peak in JL;j to identify a potential fault,
it can be applied to grids with various configurations including
symmetric monopole, asymmetric monopole, bipole as well as
grids with various grounding type.

The reliability criterion is required to prevent the false trip
of breakers in case of transients other than faults, i.e., converter
and line outages or trip of responsible breakers. In the reliability
criterion, I}, is compared against max; ;. max; is the maximum
value of I;; at instants that a peak of dI; j is detected. If Il”] >
max;;, the reliability criterion is satisfied.

When both potential fault and reliability criteria are satisfied,
the selectivity criterion is evaluated. In the selectivity criterion,
dl;; is compared against a threshold I ,,. If dI;; > Ik, the
selectivity criterion is satisfied. The selectivity criterion is re-
quired to distinguish between faults on line L;; and other lines.
The threshold value 7%, can be selected as any value between
the minimum value of d;; for faults on L;; (Fj; ) and the max-
imum value of JJU for faults on adjacent lines to L;;. This
threshold can be calculated using a simulation study evaluating
faults on the line to be protected and nearby lines. The selec-
tivity requirement of any relaying algorithm necessitates that a
breaker should only trip if a fault occurs on the line where it
is located. If the selectivity criterion is satisfied, an actual line
fault is detected. If the selectivity criterion associated with line
L;; is not satisfied, the potential fault will not be identified as
an existent fault on line L;;. In such a case, a peak in dI;; signal
is detected due to a fault on adjacent lines to line L;;.

C. Breaker Coordination Module

The breaker coordination module, depicted in Fig. 5, gener-
ates the trip signals for the responsible breakers. In this module,
when a DC bus fault is detected, the trip signals 7T; and 7T;; for
all breakers connected to the faulted bus become one. 7; and
T;; are associated with C'B; and C'B;;, respectively. When a
line fault is detected, the trip signal for the breaker located at
the faulted line becomes one. However, if the trip signal for an
adjacent breaker is already one (7;; = 1 for k € C} and k # j),
T;; will remain zero. The goal is to further improve the relia-
bility of the relaying algorithm and to prevent the false trip of
breakers located at healthy lines adjacent to a faulted line. T;
and 7;; remain one until the fault is cleared.

IV. STUDY RESULTS

In this section, the performance of the proposed relaying
algorithm in detecting bus and line faults and identifying the
faulted bus or line is evaluated. Furthermore, the reliability
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Fig. 7.  Trip signals during the pole-to-pole F'p, 3 fault.

of the proposed method during system disturbances, e.g., line
and converter outages, is investigated. The faults considered in
this study are permanent pole-to-pole and pole-to-ground faults
which occur at 0 s. Faults at bus 4 and line L;; are identified as
Fpysi and Fij, respectively. In the latter notation, Fjji refers
to a fault on line Lj; at (k—1) %25 km from bus i, e.g., Ei
refers to a fault on line Lj; right after the series inductor. For
each sensor Sj;, currents flowing from the bus toward a line
are assumed to be positive. For each sensor Sg;i, the positive
direction is from the DC bus toward the converter station. The
sampling frequency is 50 kHz. For the studies of this paper, the
test system of Fig. 1(a) is modeled in PSCAD [24].

A. Bus Faults

1) Pole-to-Pole Faults: Fig. 6 shows |S Bs| for two pole-to-
pole fault scenarios, i.e., Fp,s3 and F3q1. Fig. 6 shows that
during F,s3, | S B3] is significantly greater than zero; whereas
during F3p1, it remains close to zero. Therefore, even a small
threshold (7%}, ) can be used to distinguish between bus and line
faults. A nonzero value of IZ, is used to account for measure-
ment noise.

After Fp, 3 detection, trip signals are generated by the pro-
posed relaying algorithm and breakers C'Bs,, C'Bsy and C'Bs
open to disconnect all lines connected to the faulted bus, Fig. 7.
Consequently, C'By3 and C'Bys trip to disconnect the lines
connected to only one bus. The trip signals for breakers con-
nected to buses 3, 1 and 4 are respectively generated at 0.1 ms,
1.6 ms and 2.6 ms. The time required to generate the trip signals
consists of the time delay of the traveling fault wave to reach
the sensors and the processing time for detecting the fault. For
example, with a traveling wave speed of 183.5 km/ms, it takes

Current (kA)

0 2 4 6 8 10
Time (ms)

Fig. 8.
fault.

Positive pole currents measured at bus 3 during the pole-to-pole F'pys3

Time (ms)

Fig. 9. Trip signals during the positive pole-to-ground F'p,s3 fault.

1.1 ms for the fault wave to reach the sensor at the remote end
of the 200 km faulted line L3. After the trip of breakers, the
DC fault currents quickly reach zero and the maximum fault
current that breakers interrupt is 6.5 kA, Fig. 8.

2) Pole-to-Ground Faults: For detecting pole-to-ground
faults, the same algorithm as the one used for pole-to-pole
faults is utilized. In a system which has converters with a sym-
metric monopole configuration, both faulted and healthy poles
should be disconnected in case of a pole-to-ground fault. Af-
ter the healthy cable is separated from the system, it should be
discharged through the earthing switches, whereas the faulted
cable will automatically discharge through the fault. In this pa-
per, the healthy cable is discharged 5 ms after the main breaker
interrupts the current.

For a positive pole-to-ground Fp, 43 fault, the trip signals
for breakers connected to bus 3 (C'Bs;, C'Bs4 and CBj3), bus
1 (CBy3) and bus 4 (C'Byj) for both positive and negative
poles are respectively generated at 0.1 ms, 1.6 ms and 2.7 ms,
Fig. 9. The maximum fault currents that breakers interrupt are
respectively 6.55 kA and 2.7 kA for the positive and negative
poles.

B. Line Faults

1) Pole-to-Pole Faults: In the proposed relaying algorithm,
a moving window containing 20 samples (identified as a black
rectangle on Fig. 10) passes along I3, to form dl3;. The new
dI3, signal shown on Fig. 10(b) is calculated at each sam-
pling instant. In this figure, the filled circle markers on dI3;
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Fig. 10.  (a) Positive pole I31, (b) Positive pole dIs1, and (c) Positive pole
I3 and dI31-during the pole-to-pole F31; fault (breakers are disabled).

signal indicate the calculated samples associated with the mov-
ing window of Fig. 10(a). Fig. 10(c) is the zoomed view of
Figs. 10(a)—(b). All signals depicted in Fig. 10 are associated
with the fault scenario during which all breakers are disabled.

Fig. 10(c) shows that as dI;, reaches its peak, I3; remains
below 1 kA. Therefore, a potential fault can be detected before
the current reaches high values. This is one of the advantages of
the proposed relaying algorithm over those methods relying on
thresholds such as [4], where the current reaches higher values
before the fault is detected. Furthermore, in such methods, the
threshold should be specifically calculated for each system con-
figuration and operating point. However, in the proposed algo-
rithm, regardless of the system operating point or configuration,
the peak of dI; ; corresponds to a potential fault. A number of re-
laying algorithms also use current derivatives for fault detection
[4]. However, using a simple derivative of current measurements
will compromise the relaying algorithm performance due to its
exposure to intensified measurement noises.

During the pole-to-pole F31; fault, the current of the faulted
line remains below 8 kA, Fig. 11(a). The fault is detected at the
two ends of the faulted line at 0.4 ms and 1.7 ms, Fig. 11(c).
Fig. 11(c) shows that only breakers at the two ends of the faulted
line trip and therefore, the selectivity criterion is satisfied. Five
critical points can be derived from Fig. 11(b), which illustrate
how the proposed relaying algorithm successfully detects vari-
ous faults and generates the trip signals for responsible breakers:
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signals-during the pole-to-pole F37; fault (breakers are enabled).

1) after a fault on line L;;, dI;; and dI;, signals associated
with the healthy lines adjacent to the faulted line (such
as dI3, in this example) will have negative values. The
negative sign is due to the opposite direction of the fault
wave in the healthy and faulted lines. The sign difference
indI; ; signals is used in the proposed relaying algorithm,
in particular in the selectivity criterion, to distinguish be-
tween healthy and faulted lines connected to the same bus.
Furthermore, the breaker coordination module of each bus
does not allow the trip of more than one breaker connected
to a bus.

2) JL‘J‘ signal that primarily reaches its peak is associated
with the sensor closest to the fault location. Therefore,
the breaker closest to the fault location, i.e., C'Bsy, trips
before the rest of breakers.

3) after the first breaker interrupts the current, the second dl; j
signal reaches its peak. Depending on system inductance
values and length of transmission lines, this signal can
be associated with the measurement at the remote end of
either the faulted line or adjacent healthy lines. In the test
system of this paper, dI;3 reaches its peak before dls
and C By is the second breaker to trip.
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4) after trip signals are sent to breakers located at the faulted
line, it takes them 2 ms to interrupt the fault current.
Meanwhile, the fault wave travels to healthy lines. There-
fore, dI; ; signals associated with measurements at remote
sensors reach their peak values. However, these peak val-
ues do not trigger the trip of any breakers. Fig. 11(b)—(c)
shows that as dI,3 reaches its peak value, no trip signal
for C'By3 is generated due to the selectivity criterion.

5) dIs, signal eventually reaches a positive peak and dlys
signal reaches a second peak larger than the first one. None
of these peaks triggers a breaker trip due to the reliability
criterion.

In summary, a potential line fault is detected as the dI; j
signal associated with a measurement at the faulted line reaches
its peak value. The rest of the local maximums observed in dI;;
signals do not lead to trip of any breakers. These peaks are the
result of traveling fault waves or disturbances caused by the
trip of breakers at the faulted line. Selectivity and/or reliability
criteria prevent the unnecessary trip of breakers in the presence
of such local maximums. Sections IV-C and IV-D discuss the
advantages of the proposed selectivity and reliability criteria
and explain how these criteria prevent the unnecessary trip of
breakers.

2) Pole-to-Ground Faults: For detecting pole-to-ground line
faults, the same algorithm as the one used for pole-to-pole line
faults is employed. After a pole-to-ground fault detection, both
healthy and faulted poles associated with the faulted line are
removed and 5 ms after the main breaker interrupts the current,
the voltage of the healthy pole is forced to zero.

During a positive pole-to-ground F3; fault, the trip signals
for breakers C'By3 and C'B3; are respectively generated at 1.7
ms and 0.4 ms, Fig. 12. The maximum fault currents that break-
ers interrupt are 7.1 kA and 1 kA for the positive and negative
poles, respectively, Fig. 13. Thereafter, due to the discharge of
the capacitance associated with the faulted cable healthy pole,
the breakers at the healthy pole will be exposed to 2.5 kA. How-
ever, these transients in the pole current do not result in any
unnecessary breaker trips.

C. Selectivity Evaluation

One of the advantages of using dI; ; for fault detection is the
significant difference between its peak magnitude for faults on
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Fig. 13.  Line L3 positive and negative poles current measurement during

the positive pole-to-ground F31; fault.
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Time (ms)

Fig. 14. dlys during pole-to-pole F311, F341 and F345 faults.

line L;; and faults on other lines. Based on this peak magnitude
difference, a simple selectivity criterion, i.e., comparison against
a threshold, is developed. As an example, dI,3 for three fault
scenarios, i.e., F511, F341 and F3y35, is depicted in Fig. 14. The
maximum value of dl 3 for any fault on line L3, is between
those associated with faults F34; and F345. F317 is the closest
fault (on an adjacent line) to S,3, and it causes the highest
amplitude positive peak in dI;3 among faults occurring on lines
other than Ls3,. Faults on lines connected to bus 4, other than
L3y, primarily result in negative peaks in d1,3. The magnitude of
the first peak of dI,3 for faults Fy;, Fy5 and Fyyp are 0.4018,
0.9070 and 1.215, respectively. Therefore, to distinguish faults
on Ly, from those on other lines, any threshold value of I
between 0.4018 and 0.9017 can be selected.

In this paper, I%;, is considered to be 0.5. One advantage
of the proposed relaying algorithm is that the selection of I%
is straightforward as the minimum amplitude of the peaks of
dI; j (for faults on line L;;) is almost twice its maximum value
for faults on lines L;; (k € Cj, k # 7). Another advantage of
the proposed selectivity criterion is that it does not require fault
currents to reach pre-defined thresholds and therefore, identifies
faults while fault currents can be interrupted by breakers.

D. Reliability Evaluation

This section evaluates the performance of the proposed al-
gorithm in discriminating between faults and other system
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Fig. 16. JI43 and 143 during the pole-to-pole F31; fault.

disturbances. Three types of disturbances, i.e., line and con-
verter outages and trip of responsible breakers are investigated.

1) Trip of Responsible Breakers: Any relaying algorithm
should be designed such that the trip of responsible breakers
are not misinterpreted as a fault. In Fig. 14, although the first
peak of dly3 does not reach I%,, during F31, the second peak
does. This is due to the trip of breakers located on the faulted
line, Fig. 15. If breakers located on L3; remain closed, the peak
of dI,3 will not exceed I%},. Although the selectivity criterion
is satisfied in this fault scenario, the reliability criterion ensures
that such peaks do not result in any unnecessary breaker trips.
Selecting a higher IX;, does not solve the problem as it might
jeopardize the selectivity of the algorithm or may result in fault
detection failure.

The proposed reliability criterion identifies a potential fault as
an actual one if the peak of dI; ;j occurs as I;; is not oscillating,
albeit increasing toward a steady-state value. Fig. 16 shows
that the second peak of dI,3, which exceeds I%;,, occurs as
1,3 is oscillating. Therefore, based on the reliability criterion,
only the first peak of dI,3 corresponds to an existent fault. To
distinguish the first peak of dI,3 from the other ones, I}, is
compared against maxy3. I}y is the amplitude of I3 at the
instant the n'” peak of dl,s is detected. In this fault scenario,
maz,3 = I}5 corresponds to the first peak of d1y3.

In the proposed relaying algorithm, the breaker coordination
module is developed to further improve the protection system
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Fig. 19.
3 outage.

Positive pole current measurements of all system lines after converter

reliability. dI; ;j signals associated with healthy lines connected
to the bus closest to the fault location may eventually experi-
ence large positive peaks as the fault wave travels back toward
the fault location. As an example, dI;,, which primarily has a
negative peak, reaches 0.7 kA, Fig. 17. The breaker coordina-
tion module ensures this positive peak does not lead to C' B3y
trip. Since the breaker coordination module of each bus does
not allow the trip of more than one breaker connected to a bus,
T34 remains zero as T3; has already become one. This feature
can be achieved as communication at the bus level is possible
in the proposed algorithm.

2) Line Outage: Toremove line L3, the breakers at the two
ends of the line are opened at 1 ms. Fig. 18 shows that the line
outage does not cause any breaker trips and only results in a
change of steady-state currents.

3) Converter Outage: Fig. 19 shows the current measure-
ments after converter 3 outage at 1 ms. After the disconnection
of converter 3 by opening C B3, the rest of breakers remain
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closed and the line currents reach their new steady-state val-
ues. Fig. 19 confirms that the proposed algorithm distinguishes
between transients caused by faults and system outages.

V. DISCUSSION ON THE ROLE OF INDUCTORS
IN FAULT DISCRIMINATION

In most AC-DC systems, inductors are placed in series with
breakers to limit the rate of rise of current. As an example,
in [13], hybrid breakers proposed in [23] are used along with
inductors.

In algorithms based on current measurements, the inductors
are not required to detect bus faults. In case of line faults, the
inductors are required for the relay at the remote end of a longer
transmission line to detect the fault. As an example, if a fault
occurs on Ly, close to bus 1, C'By, is the first to trip. C'Bjs
and C'B;3 will not trip because they are connected to the same
bus as C' By 4. However, since the proposed algorithm does not
use communication, the trip signal cannot be send to breaker
C By, to remove the faulty line. Albeit, the relay at bus 4 should
detect the fault on line L4 and send the trip signal to C'By;.
There is a possibility that C'Bs; trips before C'By; as the fault
current passing through Sy, and Sy is positive and increasing,
furthermore, the length of transmission line L9 is shorter than
L14 and the fault wave reaches bus 2 before bus 4. However,
due to the inductors in the system, the rate of rise of current in
L5 1s lower than L1, as there are two and one inductors in the
fault paths, respectively. The larger the inductors, the easier to
distinguish the faulty line. This is not limited to the proposed
algorithm as the reported algorithms (without communication)
in literature such as the one in [12], [13] also consider the
inductors. If a fault occurs on a shorter line, there would be no
issue for the relay at the remote end to detect the fault before
other relays (selectivity is achieved).

VI. CONCLUSION

This paper proposes a fast local bus primary relaying algo-
rithm for HVDC grids to i) detect faults on DC terminals and
transmission lines and ii) identify the faulted line or bus. The
key feature of the proposed algorithm is that it uses only current
measurements for fault detection and identification and relies
only on communication at the bus level rather than system level.
The proposed algorithm satisfies the main requirements for any
relaying algorithm including selectivity, sensitivity, reliability
and high speed. Furthermore, the proposed algorithm is compu-
tationally inexpensive and detects faults by evaluating a number
of simple criteria. The proposed relaying algorithm discrimi-
nates between faults and other system disturbances and does
not lead to unnecessary breaker trips due to transients caused by
events other than faults.

Simulation results show that after the fault wave reaches the
sensors, the proposed relaying algorithm detects DC faults both
on buses and transmission lines in less than 0.5 ms. Further-
more, the trip of breakers associated with the faulted bus or
transmission line does not trigger the unnecessary trip of other
breakers.
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