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1 | INTRODUCTION

Sadegh Jamali' | Marjan Popov’

Abstract

This paper presents a non-unit protection method for long transmission lines of multi-
terminal HVDC (MTDC) grids based on the magnitude and direction of modal voltage and
current travelling waves. The method overcomes the difficulty resulting from high attenu-
ation and distortion as reported in previous methods using fault-generated transients for
protection of long HVDC lines. The proposed method determines the faulted pole using
multi-resolution morphological gradient of the pole voltage. Then, the multiplication of
multi-resolution morphological gradient of the modal travelling waves is utilised as a crite-
rion to discriminate between internal and external faults and non-fault events. The criterion
is a negative high value for internal faults, a negative low value for forward external faults
and events, and a positive value for backward external faults and events. A four-terminal
HVDC grid with modular multilevel converters including long HVDC lines is modelled
using the PSCAD/EMTDC software. The simulation study validates effectiveness of the
method for detection and discrimination of high resistance faults on long lines, as well as
stability against external DC and AC faults, and DC circuit breaker opening and reclosing
transients. The proposed method uses a relatively low sampling frequency and local data,
i.e. no requirement for a communication link.

Multi-terminal HVDC (MTDC) grids with voltage soutce con-
verter (VSC) are identified as a key solution for the integra-
tion of renewable energy resources, particularly offshore wind
farms, into existing power systems [1-3]. MTDC grids should
have reliable protection to rapidly locate and isolate a faulted
line or device in order to ensure that the remaining parts of the
grid resume power supply service. DC fault currents are charac-
terised by high rates of rise and amplitudes, which make con-
verter power electronic devices very vulnerable, and imposes
high demands on the DC circuit breaker (DCCB) for prompt
current interruption. In order to meet these requirements, the
protection should be reliable and capable of operating in a few
milliseconds [3-6].

A method using voltage and current magnitudes and their
directions to detect and identify the faulted line is presented in
[7]. It starts by blocking the converters, operation of AC and
some DCCBs and fast DC switches. Then, the rest of the grid

is restarted by de-blocking the converters. The weakness of this
method is the complete grid shut down, which results in power
supply disruption. A protection method based on voltage and
current magnitude and their derivatives is proposed and tested
for a radial MTDC grid in [8]. This method is applicable for
2-level VSCs in which the DC capacitors located at each ter-
minal divide the grid into different protection zones by supply-
ing large fault currents. However, for modular multilevel con-
verter (MMC) based grids, DC capacitors are distributed inside
the sub-modules and their discharge is limited by the arm reac-
tors. A protection method utilizing the maximum of the DC
voltage derivative is proposed in [9]. In [10], the same author
deploys the ratio of the peak voltage derivative at both sides of
the seties inductor to determine a fault direction and to improve
the previous method. These methods are tested for a radial
bipolar HVDC grid. A protection method combining overcur-
rent, undervoltage, and current derivative is proposed and tested
for relatively low resistance faults in [11]. A protection scheme
using wavelet coefficients of voltages and currents, and voltage
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magnitude and detivative is proposed in [3]. The voltage mag-
nitude and derivative are applied to cover insufficiency of the
wavelet coefficients in the discrimination of the faulted cable.
This scheme is tested on a 2-level VSC, but it is only evaluated
for bolted faults. The methods based on the calculation of volt-
age and current derivatives can be easily affected by measure-
ment noise. Moreover, the generated transients during DCCB
opening at the adjacent lines may affect the correct operation of
the protection system.

The protection methods using the rate of voltage change
across the seties inductor with predefined voltage thresholds ate
proposed in [12, 13]. This is equivalent to the second derivative
of the DC current, which leads to better electromagnetic inter-
ference prevention. A protection method based on the ratio
of mid-band frequency transient voltage measured at the line
side of the series inductor to mid-band frequency transient volt-
age measured at the DC terminal capacitor is presented in [14].
The methods in [12—14] require an additional voltage divider to
measure the voltage across the series inductor and DC terminal
capacitor. A protection scheme using the first peak time of the
filtered DC voltage is proposed and tested for relatively short
overhead lines in [15].

Current differential protection using communication links
between line ends is presented in [16—18], and protection meth-
ods using the polarity of the fault current component at both
ends of the cable are proposed in [19, 20]. Two wide area faulted
line identification and fault point location methods based on
travelling wave arrival times are proposed in [21, 22]. These
methods need global positioning system signal and communica-
tion links all over the grid. The main drawbacks of the differen-
tial protection and other communication-based protections are
additional costs and reduced reliability due to the risk of com-
munication media failure. Moreover, they introduce an undesir-
able communication delay, especially in the protection of long
transmission lines.

A protection method using wavelet decomposition energy
and principal component analysis of local DC current as an
input for a genetic fuzzy system is presented in [23]. It is eval-
uated for a radial MTDC and it is only applicable to rela-
tively low resistance faults. The applicability of such methods
to other grids is conditioned by having a new training data set.
By using several optical sensors distributed along the cable, in
[24] a protection method is presented to identify the faulted
line by calculating the differential current of two consecutive
sensors. The same technique is used in [25] to protect cables
using directional sequence protection and the reclosing capa-
bility of proactive hybrid DCCBs. The use of distributed sen-
sors along the cable improves the performance of the pro-
tection system, especially when using long cables; however, it
results in higher costs, and risk of sensor failure. A protection
method based on wavelet transform of modal voltage travel-
ling waves is proposed and tested for relatively short overhead
lines in [26]. A protection method based on high frequency
modal transient voltage energy by applying wavelet transform
is presented and tested for relatively short cables and over-
head lines in [27]. In [28] an improved travelling wave method
is presented with adaptive thresholds determined by the esti-

mation of fault impedance using a curve fitting method. The
method is tested for high resistance faults occurring on rela-
tively long overhead lines. Another improved travelling wave
protection method using high frequency components of line
voltages and currents obtained by wavelet transform is pre-
sented in [29]. The method is verified for a radial MTDC grid
for high resistance faults occurring on a long overhead line. A
protection method using mathematical morphology gradient to
detect fault-generated voltage travelling wave fronts is proposed
by [30]. This method is tested for both cable and overhead trans-
mission lines; however, it is not suitable for long cables. A pro-
tection method that uses the median absolute deviation of the
voltage and current is presented in [31], and it is tested by a
real-time digital simulator for relatively long cables. Although
this method is very robust, it still needs improvements for high
resistance faults.

The protection of long lines, especially cables, in MTDC grids
is a challenging issue due to the high attenuation and distortion
of travelling waves. Non-unit protection, as a main option for
primary protection, has inherent limitations regarding the line
length. Communication-based methods are not limited in the-
ory but, as mentioned, their intrinsic delay and risk of com-
munication failure make them unsuitable as primary protec-
tion. Moreover, in practice, the complexity of such methods
increases for long cables [25]. The protection methods utilizing
distributed sensors along the cable are complex, costly and risky
because of sensor failure. Therefore, it is imperative to develop
non-unit methods, which are capable of protecting long lines.

In this paper, the magnitude and the relative direction of the
line mode voltage and current travelling wave fronts determined
by multi-resolution morphological gradients are deployed to
overcome the problem of non-unit protection of long trans-
mission lines in MTDC grids. The method is verified using
MATLAB by calculating multi-resolution morphological gradi-
ent, and PSCAD to model a four-terminal MMC based HVDC
grid.

The rest of the paper is organized as follows: Section 2
presents the basic theory of travelling wave and multi-resolution
morphology. The proposed protection method is introduced in
Section 3. Section 4 demonstrates the protection criteria. The
protection method is assessed in Section 5. The proposed pro-
tection method is compared to other works in Section 6 and
meaningful conclusions ate provided in Section 7.

2 | BASIC THEORY

2.1 | Travelling wave theory

Figure 1 shows a distributed parameter model of an HVDC line
in which Z; and Y are the series impedance and shunt admit-
tance of the positive and negative pole lines, and 2, and Y,
denote the mutual impedance and admittance between the lines.
%, I, and 17, 1, denote the voltage and current at the positive
and negative poles, respectively. In order to remove the elec-

tromagnetic coupling between the positive and negative lines,
especially in case of overhead line, the pole quantities can be
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FIGURE 1 The distributed model of bipolar HVDC line FIGURE 2 A DC terminal in MTDC grid

transformed to ground and line mode quantities using the
modal transformation mattix [32], as follows:

A r —1 Vp 0
I IRVE S B L
V/ 1 [t =1] |4
b ol e
4 \/E ”
where 1} and /; are the line mode voltage and current, and
17, and /, are the ground mode voltage and current.

According to the theory of travelling waves, a fault or any
sudden change in the line voltage generates voltage and current
travelling waves moving away from the fault point in both direc-
tions. The voltage and the current at each point x of the line is
given as sum of forward and backward travelling waves. Equa-

tions (3) and (4) show the mode voltages and currents of the line
at distance x away from measuring point in the Laplace domain:

V, o) =F e Do+ B et Tex = 17 () + Ve (%) (3)

1 .
I (x9) = 7. (Fee™Tex = Bet e ) = I () + Ly (%)

7 = Z+ 2, 7, = zZ, =2, 5
VY, VY, @

PRRACES 7 O R TOLY VI

where £ = / g denotes line and ground modes, and subscripts
Fand B represent the forward and backward travelling waves,
respectively. Z; and T’y are the line characteristic impedance
and the propagation coefficient of mode 4. As given in Equa-
tion (6), the functions F, and B are computed by voltage 17,
(0) and current 7, (0) at the fault point, which are dependent on
factors such as fault location and fault path resistance. Accord-
ing to Equations (3) and (4), when the travelling waves move
along the line, the wave amplitudes are exponentially attenuated.
Moreover, the polarity of forward voltage and current travelling
waves and hence the polarity of their fronts is the same while
the polarity of the backward waves is opposite. Considering the
line end as measuring point, and the current reference direc-
tion from the line end towards the fault, the first travelling wave

arriving at the measuring point is backward wave for the for-
ward fault and it is forward wave in case of a backward fault.
Therefore, it is concluded that the polarity of the first voltage
and current waves arriving at the line end is opposite for a for-
ward fault and it is the same for a backward fault.

In order to analyse the behaviour of the DC voltage and
current at the line ends during an internal fault in an MTDC
grid, one should consider the DC terminal illustrated in Fig-
ure 2, which connects an MMC to the DC lines. AVf is the
initial voltage change at the fault point and Z; Z,, and Z,,,
denote the fault impedance, the characteristic impedance, and
the MMC equivalent impedance, respectively. #z, and 7z, repre-
sent backward voltage and current waves arriving from the fault
point at the end of line 1. Subscripts 7and #denote reflected and
transmitted parts of the backward voltage and current waves.
The first incident waves arriving at the line receiving end are

given by:
Al
Vpe = —2 4T ™
AT
2 )
I, = — . 4T S
Bk 7, ®

In a bipolar DC line, the initial change of modal voltages at
the fault point of a positive pole to ground fault (PGF), and a
positive pole to negative pole fault (PNF) are given as follows
[32]:

_\/ET/;V%/

A= T2,
Xl T R T XS for PGF ©)
_\/ET/;D"?ZQ
u+ 3+ 23
"= 2% +z, forPNF (10)
AV, =0

The initial change of mode voltages for the negative pole to
ground fault (NGF) are calculated by replacing 17, with 1, in
Equation (9).
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The incident wave is partly transmitted and reflected back
after arriving at the line series inductor L. Using the transmis-
sion coefficient, the voltage and the current change measured at
the end of the faulted line 1 are given as follows:

2(sL+3z4) AV

AV, = e Twx (11)
1 (&L + Lk + %,é) s
Al
Al = — 2 T (12)
(fL + et %Xe) !
s+ Lok
ke = ” ” Leonvk (13)

As seen, the amplitude of the incident waves dectreases by
increasing the fault resistance and the fault distance. It also
depends on the propagation constant. As the shunt admittance
in cables is higher than that in overhead lines, the attenuation
and the distortion of fault-generated waves is much higher,
especially in the case of long cables. The voltage and the cur-
rent change measured at the end of the healthy line 7 are given

as follows:
22, AV
AV, = k- %ok —L T 14
(XL + Lk + %,@) . (J‘L + f{'[,é)
D AT//e
Al U K T (15

£ (JL+:(//%+Z[/€).(JL+%/€) Lo

The comparison of A1, A, and A7y, Al shows that the
series inductors filter out the high frequency components of the
fault-generated voltage and current waves, which are transmit-
ted from the faulted line to the terminals of the healthy lines
(2 to m). It can be concluded that the fault voltage and current
travelling waves measured at the faulted line end contain higher
frequencies compared to those waves measured at the healthy
line terminal. Therefore, it is possible to use such characteristics
to discriminate the faulted line from the healthy ones. More-
over, the change of voltage and current polarity is the same for
a backward fault and it is opposite in the case of a forward fault.

2.2 | Multi-resolution morphological gradient

The main idea of the mathematical morphology is to extract the
information of a signal using a predefined set called structuring
element (SE). The shape of SE is defined based on prior knowl-
edge about the shape of the signal. Dilation and erosion are the
two basic morphological operators, which are defined as follows
[33]:

f®g (x)=mjax{f(x+s)+g(&)|(x+s)EDf, xEDg}
(16)

fOg (x)=mjin{f(x+ﬂ—g(;)|(x+;)€Df, J‘EDg}
17)

where D/ and D, denote the definition domains of signals fand
g, respectively. Here gis considered as the SE so its size must be
much less than the size of the studied signal /. For every point
within D s the dilation and the erosion, respectively, return the
maximum and the minimum of sum and difference of fand g
over the neighbourhood defined by SE.

The morphological gradient is defined as a subtraction of ero-
sion and dilation of the signal as below:

MG (f)= (/&g -(roy) (18)

The morphological gradient reflects the difference between
the maximum and the minimum obtained by dilation and ero-
sion within the neighbourhood defined by SE. It should be
noted that the morphological gradient is affected by the size
and the origin of the SE. The multi-resolution morphological
gradient (MMG) is an improved morphological gradient. The
main idea is to suppress the low frequency components and to
enhance the high frequency transients. In order to obtain the
MMG, a series of scalable flat SEs with different origins are
defined as follows [33]:

g = {gl; LDy e g/—l;gL}
{ (19)

8 &2 s L1 & }
— nl—a
1 =2,

O
I

where g™ and g~ are the SEs used for extracting the ascending
and descending edges of the signal, respectively. The underlined
elements in gt and g~ denote their origins. In Equation (19), A
is the initial length of the SEs at level 1, a represents the level of
the MMG to be processed. By using the morphological gradient
definition in Equation (18) as a reference, the dyadic MMG at
level a, 0?(g), is defined as:

pa (g+) — (pa—l ®g+) (.X‘) _ (pa—l eg+) (X) (20)

p'@) =(ples) W-(pTBg) ) @D

P’ @ =p" (¢") +p° () (22)

when a = 1, p' is the input signal. Since (07! @ gM)(x) >0
and(p”™! © g")(x) < 0, then p?(g™) > 0 and p“(g”) < 0 cor-
respond to the ascending and descending edges of the signal
under process, respectively. Therefore, pg can extract the infor-
mation about the exact location and changing directions of the
signal edges. Moreover, the increase of the level of MMG nor-
mally gives more details about the signal changes. In contrast
to the theory of linear signal processing, such as Fourier and
wavelet transforms, the mathematical morphology is non-linear.
Itis concerned with the shape of the signal waveform in the time
domain instead of the frequency or time-frequency domain. As
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FIGURE 3  Processing of one-dimensional signal fwith mathematical mor-
phology

an example, the dilation, the erosion, the morphological gradi-
ent and the first and the second level MMGs of a simple one-
dimensional signal, £, using a flat SE with the initial length of
{g = 0, are illustrated in Figure 3. As it can be seen, the dila-
tion operation can be regarded as expansion, and the erosion
operation as contraction. The morphological gradient detects
the edges of fwith positive values regardless of their direction.
However, the MMGs detect the rising and falling edges by pos-
itive and negative peaks, respectively.

3 | PROPOSED PROTECTION METHOD

3.1 | Fault detection and pole selection

When a fault or an event occurs in the MTDC grid, the pole
voltages change when the first fault-generated travelling wave
arrives. The proposed protection method employs this feature
to determine the faulted pole regardless of if the fault is internal
or external. In order to select the faulted pole, the second level
MMGs of the positive and negative pole voltages, pZ(Vp) and
p?(1,),are compared to the predefined negative threshold pfb.
At this stage, the algorithm determines the fault type. In the
next stage, the fault discrimination part determines whether the
fault is internal or external.

3.2 | Fault discrimination

According to Section 2, the fault-generated high frequency
mode voltage and current travelling waves are attenuated after

passing through the series inductors. Moreovet, the voltage and
current change, thus the direction of their corresponding travel-
ling wave fronts have opposite polarities in the case of a forward
fault and the same polarities for a backward fault. It is possible
to use these characteristics to discriminate between internal and
external faults and events. The bolted backward external faults
and events such as DCCB tripping in the upstream lines can be
easily discriminated from high resistance internal faults by com-
paring relative polarities of the voltage and current change. As
the worst condition, bolted forward external faults and events
such as tripping the DCCBs at downstream lines can be discrim-
inated from high resistance internal faults. This can be done by
knowing that up to a certain fault resistance, the voltage and
current travelling waves of internal faults, seen at the measuring
point, are more attenuated than those of the external faults and
events. As mentioned, MMG can detect ascending and descend-
ing edges of a signal, so it can be used to detect the amplitude
and the direction of travelling wave fronts. As seen from Equa-
tions (9) and (10), the ground mode initial voltage change at the
fault point is zero in case of PNF whilst the line mode is non-
zero for PGE, NGF and PNFE Therefore, the line mode is con-
sidered as an appropriate mode to define protection criterion S,
for fault discrimination as follows:

Dy (m) = p* (Vi m) 0> (L (m)) (23)

a4

Sy m) =Y. Dy (m) < Sypc, PGF and NGF

n 24)
Sijp m) = Z Dy (m) < Sypy, PNF

=2

here pZ(T/l'-//) and p? (Z;1) are the second level MMGs of line
mode voltage and current measured at terminal 7 of line 7. Sy, p;
and S, o are negative predefined thresholds for pole to ground
and pole to pole faults, respectively. Since S, represents a multi-
plication of the amplitude and the direction of the voltage and
current change at the line terminal, when the first peak of S, is
negative then it can be concluded that the fault is internal or for-
ward external fault, otherwise, it is backward. When S, is smaller
than the threshold, then the fault is internal, otherwise it is a
forward external fault. The flowchart of the proposed protec-
tion method is illustrated in Figure 4.

4 | DEMONSTRATION OF THE
PROTECTION CRITERIA
4.1 | Testsystem

The proposed protection method is verified by simulations pet-
formed on a four-terminal HVDC grid as shown in Figure 5.
The network is modelled using the PSCAD software. The grid
connects the offshore wind farms (OWFs) to the main AC grids
through half-bridge MMCs and XLPE cables. Figure 6 depicts
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FIGURE 5 The MTDC grid test system

the cable’s structure, which is represented by a frequency depen-
dent phase model. The parameters of the AC grid, OWF and the
MMC:s are listed in Table 1. The configuration of the converter
stations is symmetric monopole, and DC series inductors are
installed at both terminals of the cable to dectease the DC cut-
rent ripple and to limit the magnitude and the rate of rise of the
fault current to within the interruption capability of the DCCBs
[4]. The MMCs are modelled by a detailed Thevenin equivalent
model of the MMC arms [34]. The DCCBs are modelled as an
ideal switch in parallel to a surge arrester with a clamping volt-
age of 1.5 times the nominal voltage, and the earth resistivity
is considered as 1  m. A fault with a resistance R at an arbi-
trary distance X km from terminal 7 of line 7 is denoted by £-
X-R. The voltages and currents are sampled with a sampling
frequency of 20 kHz, which is a common practice in practi-
cal MTDC grids. The calculations are petformed in MATLAB
using a flat SE with the initial length of /, = 6, and an analysis
level of a = 2.

_w Copper Core (1 =1, p=1.7%¥10" Q.m)
» SC Layer 1 (pre =1, & =2.3)

w Insulator 1 (W =1, & =2.3)

SC Layer 2 (el =1, & =2.3)

» Sheath (et =1, p=2.2%107 Q.m)

- Insulator 2 (U =1, & =2.3)

= Armour (prer =10, p=1 8%107 Q.m)
T Insulator 3 (peer =1, £re =2.3)

SC: Semiconductor
(S p:  Resistivity

1587 mm et Relative permeability
£ Relative permittivity

FIGURE 6 The XLPE cables structure
TABLE 1 The AC grids, windfarms and MMCs parameters

Converter
Parameter MMCs 1,2, 4 MMC 3
DC voltage +200 kV +200 kV
Converter AC voltage 220 kV 220 kV
Rated power 800 MW 1200 MW
Number of SMs per arm 400 400
Arm resistance Ry, 0.54 Q 0.36 Q
Arm reactor L., 29 mH 19 mH
Arm capacitance Cj, 25 uk 37.5 uF
Transformer leakage reactance 0.18 p.u. 0.18 p.u.
AC grids and windfarms
AC grids voltage 380 kV
Windfarms output voltage 145 kV

4.2 | Assessment of the protection criteria

421 | Internal faults

Figure 7 shows the pole and mode voltages and currents, the
MMG of pole and line mode voltages and currents, and the
protection criterion §; of the lines connected to terminal 1 of
the test system for an internal bolted PG fault at the middle of
Cable 13, PGF13-200-0. The fault inception occurs at 7= 1.5 s.
The value of the line series inductor is 50 mH, and the voltage
and the current are measured at the cable terminals. As seen
from Figure 7(a,c), at the initial instants after the fault incep-
tion, the rate of change of the positive pole voltage, 173,, and
current, /13, is higher than the corresponding quantities of the
healthy cables. This results in the same scenario with regard to
the line mode voltages and currents, see Figure 7(b,f). In other
words, pole and mode current and voltage of the faulted line
contain higher frequencies compared to the current and voltage
of the healthy lines. Moreover, the rate of change of 173, and
113, is much higher than that of /j3, and /3, The second
level MMG of line mode voltage, the pole voltage and the line
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FIGURE 7  Simulation results for PGF13-200-0: (a) pole voltage, (b) line
mode voltage, (C) line mode voltage MMG, (d) pole voltage MMG, (e) pole
current, (f) line mode current, (g) line mode current MMG, (h) criterion 5,

mode current are represented in Figure 7(c,d,g), respectively.
It is obvious that pZ(Vi3P) and p?(1]3;) have negative first
peaks with higher amplitude compated to the other voltages.
Moreover, p?(f;3,) has a positive first peak, which is higher
than and opposite to the first peaks of p?(Z5/) and p?(Z14)).
The amplitude of the first peak of pZ(T/13p) is much higher
than that of the first peak of 0>(13,) showing that the fault
type is PG. The criterion §; is shown in Figure 7(h). By the
fault-generated travelling voltage and current waves arrival, §;5,
obtains a high amplitude negative first peak that identifies the
fault as a forward fault related to Cable 13. However, the values
of Sj,; and Sy4, are positive and their first peak amplitudes are
low amplitudes indicating that the fault is external. The effect
of fault resistance can be addressed by comparing Figure 7 to
the results for fault PGF13-200-100 in Figure 8. By increasing
the fault resistance from 0 to 100 Q, the peak of 53, decreases
from —52.8 to —1.3 MVA. This is due to the fact that the fault
resistance increase reduces the initial voltage change at the fault
point and corresponding travelling waves, see Equations (9)
and (10). As seen in Figure 8, the change of the fault location
from 200 to 300 km reduces the peak value of §;3, from —1.3
to —0.67 MVA. This is due to the higher attenuation of the
travelling waves when passing a longer distance along the line.

422 | Close-in faults

In case of close-in faults, the travel time is very small, hence
the fault-generated travelling waves are successively reflected
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FIGURE 8 Simulation results for PGF13-200-100 (solid line) and PGF13-

300-100 (dashed line)

and refracted at the line end and fault point. Depending on the
sampling frequency, it may lead to inaccuracy in travelling wave
front measurement and affect the protection criteria. Figures 9
and 10 demonstrate the simulation results for a close-in fault
PGF13-5-0 using different sampling frequencies of 200 and
20 kHz, respectively. As shown in Figure 9, successive reflection
of voltage travelling waves result in oscillation in the faulted
line voltage 113,. Current /3 is also constituted of successive
current travelling waves but it does not oscillate mainly due
to the presence of the series inductor. This situation results in
oscillation in p*(113,), p*(V13/), P*(f13/) and i3, As it can
be seen, the first peak of §;3, has a high negative value of —27
MVA indicating that the fault is internal. As shown in Figure 10,
by decreasing the sampling frequency, the first peak of p?(173 )
changes from —380.2 to —386.8 MVA, the first peak of p?(1]3,)
changes from —380.1 to —386.3 MVA, and the first peak of
0°(13)) from 0.056 to 0.34 MVA. It should be noted that reduc-
ing the sampling frequency increases the difference between
the amplitude of data samples in the wave fronts located at the
neighbourhood defined by the SE. Despite losing accuracy, this
issue results in detecting higher first peaks of MMG, especially
in case of a current that does not oscillate. As a result, the first
peak of Sj3; changes from —27 to —199.1 MVA. Therefore,
although reducing the sampling frequency from 200 to 20 kHz
affects the measurement accuracy and calculated MMGs, it does
not change the direction of the first peak of Sy3, as the voltage
decreases and the current increases after fault occurrence. The
worst case of loss of accuracy in the waveforms occurs when the
time difference between two successive peaks in the faulted line
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voltage waveform is equal to the sampling time interval, i.e. 50
us for sampling frequency of 20 kHz. An example of such a sit-
uation is shown in Figure 11 by simulation of PGF13-2.2-0. By
reducing the sampling frequency, the first peak of S;3, changes
from —24 to —77.9 MVA, which correctly determines the inter-
nal fault. It can be concluded that although close-in faults result
in inaccuracy of voltage and current travelling wave front, they
do not affect the correct performance of the protection criteria.

423 | External faults

Figure 12 shows the simulation results for PGF12-0-0 as a back-
ward external fault for terminal 1 of Cable 13 and Cable 14,
and as a forward when the fault traveling wave reaches the cable
terminal, $}3, and §)4, obtain positive peak values of 2.3 MVA,
which implies that the fault is backward. However, 3, does not
exceed —0.03 MVA at 7= 1.5023 s.

Table 2 shows the first peak amplitude of the protection cri-
teria 5 5, for different fault types, resistances and locations. Due
to the symmetrical configuration of the MTDC grid, §; is iden-
tical for the similar PG and NG faults. According to Table 2, by
neglecting the bolted pole to ground close-in faults, the increase
of the fault resistance and the fault distance results in a decrease
of the first peak of ). In the case of PGF and NGE, the maxi-
mum first peak of Sj3, for an internal fault is -0.134 MVA cot-
responding to PGIF13-375-200 and NGF13-375-200, which is
less than —0.024 MVA for the forward external faults PGF34-
0-0 and NGF34-0-0. As for PNF, the maximum first peak of
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FIGURE 12 Simulation results for PGF12-0-0 as an external fault for

Cable13 and Cable14

Si3, for an internal fault is —1.662 MVA for PNF13-375-200
while it is —0.103 MVA for the forward external fault PNF34-
0-0. Therefore, it can be concluded that S} is capable of disctim-
inating between forward internal and external faults.

4.3 | Tripping of DCCBs

The effect of opening DCCBs at adjacent lines is shown in Fig-
ure 13 in which B12 at the positive pole is tripped at # = 1.5s.
After opening the DCCB, /;,, decreases to zero, the currents
flow through the other lines connected to terminal 1 and associ-
ated voltages converge to steady state values. Due to the current
interruption, 17, decreases momentarily to a negative value
and rises back to around the rated grid voltage.

Based on this, p?(1] 3p) reaches a high negative amplitude
indicating that an event took place on the positive pole of the
grid. Meanwhile, §),, decreases to a first peak of —186.6 MVA
while §j3, rises up to a maximum value of 9.95 MVA imply-
ing a backward external event. The opening of breaker B12
can be considered as a forward external event for terminal 3
of Cable13. As seen, the first peak of $31,is —0.1 MVA, which
is greater than the first peak of Sy) for internal PGIF13-25-200.

4.4 | Reclosing of DCCBs

At present, most of the existing VSC HVDC systems comprise
cable lines. However, overhead transmission lines will be widely

TABLE 2 First peak of S5, for different faults, Z; = 50 mH
S131
Fault
location Faulttype R;=0Q R;=50Q R;=100Q R;=200Q
F13-0 PG&NG  —123.7 —20.63 —8.223 —2.731
PN —502.1 —171.0 —85.21 —33.66
F13-2.2 PG&NG =779 —14.95 —5.760 —1.891
PN —299.3 —110.7 —55.54 —22.14
F13-5 PG&NG  —199.1 —16.37 —5.592 —1.691
PN —411.3 —1124 —51.24 —18.79
F13-25 PG&NG  —225.6 —16.15 —5.453 —1.645
PN —451.4 —116.6 —52.91 —19.46
F13-100 PG&NG  —126.8 —9.324 —3.156 —0.931
PN —242.6 —66.96 —30.74 —11.31
F13-200 PG&NG  —60.90 —4.388 —1.465 —0.441
PN —117.6 —32.10 —14.064 —5.389
F13-300 PG&NG  —30.00 —2.281 —0.776 —0.233
PN —56.62 —16.21 —7.541 —2.817
F13-375 PG&NG  —18.00 —1.353 —0.460 —0.134
PN —34.85 —9.782 —4.520 —1.662
F13-400 PG&NG  —13.73 —2.339 —0.935 —0.318
PN —56.46 —19.24 —9.605 —3.817
F12-0 PG&NG  0.989 0.162 0.064 0.021
PN 0.053 1.376 0.682 0.265
F14-0 PG&NG  0.987 0.161 0.063 0.020
PN 4.049 1.375 0.682 0.265
F34-0 PG&NG  —0.024 —0.005 —0.002 —0.000
PN —0.103 —0.035 —0.018 —0.008

used due to their economic advantages over cables. Considering
an overhead line (OHL) in the MTDC grid, the temporary fault
is the most probable type of fault. Therefore, DCCB reclos-
ing is needed to improve the power supply service. The effect
of DCCB reclosing on the protection criteria is addressed by
replacing Cable 13 with a relatively short overhead line with the
length of 100 km (OHL 13) and the simulation of reclosing B13
at the positive pole at #= 1.5 s. The overhead line parameters are
taken from [30]. Reclosing B13 can be considered as an internal
event for terminal 3 of OHL13 that must be discriminated from
internal faults. It can be also considered as a backward extet-
nal event for terminal 1 of Cable 12. The simulation results are
shown in Figure 14. After reclosing the DCCB, 115, and 175,
start oscillating until obtaining new DC values, which depend
on the grid and power flow conditions. The oscillation, which
may take tens of milliseconds, is due to successive reflections of
voltage travelling waves from the line ends. At the same time,
the currents /3, and /31, increase from zero to their DC values.
During normal operation conditions in the MTDC grid, the dif-
ference between the terminal voltages is about a few kV. There-
fore, the voltage across the B13 is only a few kV before reclos-
ing,. This results in low amplitude oscillations of the voltages and
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FIGURE 13  The effect of tripping DCCBs at adjacent line

a lower rate of rise of currents after closing the DCCB. Hence,
MMGs of voltages and currents are so low that the correspond-
ing protection criteria are small enough to distinguish between
DCCB reclosing on OHL 13 and internal faults for terminal 3
of OHL 13 and for terminal 1 of Cable 12. Based on numerous
simulations, it can be concluded that DCCB reclosing does not
affect the performance of the proposed protection method.

4.5 | Threshold setting

As shown by the simulation results, the first peak of the pro-
tection criterion 5 takes a negative high value for internal faults
and a negative low value for forward external faults and events
such as DCCB opening; It also has a positive value in the case
of backward external faults and events. Therefore, in order to
determine the thresholds Sy,p and Sy, pn, it is sufficient to con-
sider a margin between the maximum value of the first peak of 5}
for high resistance internal faults and the minimum value of the
first peak of the same criteria in the case of bolted forward extet-
nal faults and DCCB opening at the adjacent line. The threshold
Sypc is set according to the calculation of the aforementioned
maximum and minimum values of the first peak of §; by the sim-
ulation of pole to ground faults and DCCB opening at one pole.
Sypn is determined considering PN faults and DCCB opening
at both positive and negative poles. By analysis of pole to ground
and pole to pole faults, Figure 15 shows maximum first peak of
S; for internal faults, and minimum first peak of §; for external
faults, as well as DCCB opening as a forward external event.
The thresholds are calculated considering internal faults with a
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resistance of 200 Q and bolted external faults, as well as series
inductor sizes of 50 and 100 mH. As illustrated, the increase
in inductor size results in a decrease in S; for both internal and
external faults and DCCB opening as well. However, the decre-
ment of 5 for external faults and DCCB opening is higher. This
allows to have higher margin between S}, and ; and to increase
the dependability and security of the method. ptzh is deter-
mined by obtaining the maximum first peak of pz(Vp and 1)
in case of high resistance internal pole to ground faults. By
applying large number of simulations, the value of pfh is set to
—5kV.

5 | EVALUATION OF THE METHOD

The robustness of the proposed protection method is analysed
for the test MTDC grid depicted in Figure 5, for different cases

of internal and external DC faults, and external AC faults. The
method is also verified for an overhead transmission line.

5.1 | Internal faults

In order to assess the effectiveness of the protection method
under internal fault conditions, PG and PN faults on the cables
in the MTDC grid are simulated at #= 1.5 s. In order to consider
both far-end and near-end faults, fault locations at 10 km away
from the sending end of each cable are observed. Due to the
symmetrical configuration of the MTDC grid, PG and NG
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TABLE 3 Performance of the protection method in case of internal faults, Z; = 50 mH, R¢ = 50
Fault point Fault type s ra V) Operation time (ms) Fault detection
F12-10 PG Sios —11.48 —98.83 0.3 Cable 12
$H1/ —2.98 —45.13 1.35
PN Si2/ —82.57 —131.72 0.3 Cable 12
S/ —20.01 —59.74 1.35
F13-10 PG Si3/ —11.42 —98.63 0.3 Cable 13
51/ —0.81 —21.22 2.5
PN Si3/ —82.26 —131.50 0.3 Cable 13
51/ —5.25 —27.02 2.5
F14-10 PG Sias —11.43 —98.74 0.3 Cable 14
Sa1s —0.86 —21.06 2.45
PN Sia/ —82.28 —131.56 0.3 Cable 14
St/ —5.59 —26.92 1.9
F24-10 PG Sr47 —11.02 —100.97 0.3 Cable 24
Sas —-1.74 —30.69 1.9
PN S$r47 —79.59 —134.17 0.3 Cable 24
Sans —12.10 —40.90 1.9
F34-10 PG 347 —10.55 —98.48 0.3 Cable 34
Sa3/ -3.12 —44.43 1.35
PN S34/ —75.87 —130.84 0.3 Cable 34
Si37 —20.88 —59.00 1.35
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TABLE 4  Performance of the protection method in case of external TABLE 5 Performance of the protection method in case of external AC
faults, Z;; = 50 mH, R; =0 Q faults, Z; = 50 mH, R =0 Q
Fault S13;and 831, Fault detection Min of p*(V) Fl-ac grid F2-OWF F3-ac grid F4- OWF
PGF12-10 Sias 0.6360 External fault P*(Vizy) —0.0448 —0.1746 —0.0443 —0.0470
S$1, —0.0058 0*(Va1p) —0.0708 —0.4307 —0.0778 —0.0305
PGF14-10 Sias 0.6347 External fault 02 (Vizp) —0.0333 —0.0343 —0.0367 —0.0342
31/ —0.0058 ,02(V31/)) —0.0624 —0.0529 —0.0149 —0.0529
PGF24-10 Si3) 0.0005 Eixternal fault P> (Vigy) —0.0166 —0.0308 —0.0398 —0.0308
$1/ 0.0005 P2 (Vap) —0.0310 —0.0310 —0.0310 —0.0720
PGF34-10 Si3) —0.0091 External fault P> (Vo) —0.0805 —0.4517 —0.0248 —0.1088
S51/ 0.9280 P*(Vioy) —0.0287 —0.1283 —0.0147 —0.0737
P*(Vagy) —0.0757 —0.0757 —0.0568 —0.0899
2
. . . V; —0.0369 —0.0293 —0.0293 —0.0941
faults behave identically, so NG faults are not presented in P (Vasy) ’
this paper. The simulation results presented in Table 3 show
hat in all th he faul le is identif
that 1n afl the ~cases,.t C aulted cable is ld.ent. ed C.OrreCFly’ TABLE 6 Performance of the method for OHL 13
and the protection criteria have acceptable discrimination with
their thresholds. The maximum fault detection operation time Fault S131  p°(Vp) Operation time (ms) Fault detection
is 2.5 ms for Cable 13 with 400 km length, in which the fault PGF13-0-300 —24.4 —91.9 0.4 Internal
dlstanc.e fr(.)m t.he measuring t.erml.nal is 390 km. I.n fact, the PGF13.25.300 —208 —112 05 Internal
operation time includes the arrival time of the travelling wave at
. . . . PGF13-100-300 —13.3 =76.7 0.8 Internal
the measuring terminal, the time of data sampling and transfer-
ring at the bus level and a very short time for the calculation of ~ POF13-200-300 =747 =548 1.1 Internal
the protection criteria by the use of multi-resolution morpho- PGF13-300-300  —4.52  —388 14 Internal
logical gradient. The required time for the proposed method PGF13-400-300 —3.32 =337 1.6 Internal
to detect and discriminate the fault is equal to the time needed PGF13-500-300 —2.28 —277 2 Internal
to take a ‘few voltage and current sa.mpl‘es after the travelling PGFL13.600300 —198 —256 23 Internal
waves arrive at the measurement point, i.e. 6 samples for the
. 2 . PGF13-700-300 —1.67 =22 2.7 Internal
computation of p*(1”) and 6 samples for the calculation of 5,
which result in 12 X 50 us = 0.6 ms, considering the sampling ~ POT13-800-300 =140 =20.4 3 Internal
frequency of 20 kHz. PGF13-875-300 —1.53 —=20.1 3.3 Internal
PGF13-900-300 —1.45 —19.1 3.4 Internal
PGF12-0-0 6.85 —37.6 NA External
52 | External faults PGF14-0-0 685 =376 NA External
PGF34-0-0 —-048 —10.2 NA External

The results of the stability of the protection method against
external DC faults are shown in Table 4, in which bolted PG
faults on Cables 12, 14, 24, and 34 are simulated as external
faults for Cable 13. The results confirm that in all the cases,
the faults are successfully identified by S5, and S5, as external
faults for Cable 13.

The proposed method is also robust in discriminating exter-
nal faults on the OWFs and AC grids from internal faults. In
order to evaluate the security of the method against external AC
faults, three-phase bolted faults are simulated at the connection
points of the OWFs and the AC grids to the MTDC grid. The
simulation results provided in Table 5 show that the external AC
faults have almost no impact on p?(17), so the algorithm does
not react to these faults.

521 |
lines

Performance of the method for overhead

To evaluate the performance of the protection method in case
of overhead lines, the length of OHL 13 used in Section 4.4 is

changed to 900 km. The performance of the method is illus-
trated in Table 6 for high resistance internal PG faults as well
as bolted backward and forward external PG faults incepted at
#= 1.5 s. The fault resistance is 300 € and series inductor size is
50 mH. According to Table 6, the method is capable of protect-
ing the OHL against the internal faults and it is secure against
the external ones.

6 | COMPARISON WITH OTHER
METHODS

The proposed method is compared to other non-unit protec-
tion methods as shown in Table 7. The methods are compared
for selected line type and length, fault resistance, series induc-
tor size, sampling rate, fault detection time and required sig-
nals. The fault detection time is defined as the time required
by the method to detect and discriminate the fault after the first
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TABLE 7  Comparison of the proposed method with other works

Ref. no. Line type Line length (km) R¢ (Q) L;; (mH) Sampling rate (kHz) Detetion time (ms) Signals used
Pro. method CableOHL 400900 200300 50 20 <0.6 V&I
3] Cable 400 0.01 50 20 <0.7 v

[9] CableOHL 5001500 NA 50 NA NA Y
[10] CableOHL 500 1500 50100 40 25 <0.2 v
[11] OHL 450 20 50 100 <12 V&I
[12]* CableOHL 150 1000 200 200 <0.5 \4
[13] OHL 200 300 150 NA <1 Y%
[14] CableOHL 100 200 200 10 10 <15 A%
[15] OHL 208 400 200 100 <1 V&I
[23] Cable 200 10 NA 2 <15 I
[26] OHL 184 300 200 1000 <12 v
[27] CableOHL 200400 300 100 10 <2 V&I
[28] OHL 500 300 100 200 <1 I
[29] OHL 908 300 150 10 <3 V&I
[30] CableOHL 200800 200 100 20 <0.3 A\
[31] Cable 200 NA 20 10 <1.7 V&I

*Tested only for PN faults.

travelling wave arrives at the cable terminal. It can be seen the
proposed method is faster than all the methods except the meth-
ods proposed in [10, 12, 30]. By taking into account the line
length and the maximum fault resistance, the proposed method
gives superior performance compared to all the other meth-
ods for the protection of cables. Regarding OHL, the proposed
method is comparable to the method in [29] as the most capa-
ble method in the protection of OHLs, and it can be seen that
the proposed method is much faster. The method requires volt-
age and current measurement with a reasonable sampling rate
of 20 kHz, which is a common practice for HVDC applications.
Therefore, requiring both voltage and current signals does not
limit its application.

7 | CONCLUSION

A non-unit directional protection method based on MMG of
the line mode DC voltage and current with predefined thresh-
olds is proposed to protect very long transmission lines in
MTDC grids. The method is based on the magnitude and the
relative direction of voltage and current travelling wave fronts
determined by the multiplication of MMG of voltages and cur-
rents measured at the line terminals. The method also deploys
the MMG of the voltage to determine the faulted pole. The
threshold settings are determined by petrforming numerous sim-
ulations on the under study MTDC grid and then comparing the
obtained protection criteria for internal faults, external faults,
and DCCB opening on the other lines. As the method uses
local measurements, it does not require a communication link
between the line ends. Moreover, it only needs a relatively low
sampling rate of 20 kHz, which is common in practical MTDC

systems. The method performance is verified for internal and
external DC faults, as well as external AC faults. The results
and the analysis show that the applied methodology is robust in
detecting faults accurately in less than 0.6 ms. This has been ver-
ified through numerous cases performed for different cable and
OHL lengths, fault resistance, and series inductors. The simula-
tion tests confirm the dependability, security and speed of the
method for protection of very long HVDC cables and OHL.
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