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Abstract

characteristics

For AC transmission lines connected to an LCC-HVDC inverter station, commutation failure can lead to the wrong
operation of traditional protection. To solve the problem, this paper proposes a fast protection scheme using
transient information from one end of the AC line. The boundary frequency characteristics of the AC line connected
to LCC-HVDC inverter are analyzed first. This reveals the existence of significant attenuation on both high frequency
signals and some specific frequency signals. Based on the boundary characteristics, a novel boundary protection
principle utilizing a backward traveling wave is then proposed. A PSCAD/EMTDC simulation model of a + 800 kV
LCC-HVDC and 500 kV AC transmission system is established, and different fault cases are simulated. The simulation
results prove that the novel protection principle is immune to commutation failure, fault resistance and fault type.
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1 Introduction

An HVDC transmission system has many advantages
over an AC transmission system such as long trans-
mission distance, high efficiency and large transmis-
sion capacity [1-6]. However, as an LCC-HVDC
inverter station is severely affected by an AC trans-
mission line (ACTL) fault, it is important that an
ACTL fault is cleared quickly and reliably. Otherwise,
it could lead to commutation failure or even an
HVDC system blocking [7-12]. Commutation failure
and complex electrical dynamics during the recovery
process result in the backside system impedance exhi-
biting nonlinear time-varying characteristics, whereas
the traditional AC system fault analysis theory is
based on linear systems. Thus, the adaptability of
conventional power frequency protection (PFP) in
LCC-HVDC connected AC/DC hybrid systems has
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problems, which have been extensively and deeply
studied [13-18].

When a commutation failure occurs due to an AC sys-
tem fault, the amplitude of the equivalent power fre-
quency current decreases and the fluctuation range of
the phase angle is large. This may cause current differen-
tial protection to fail [14]. In addition, the directional
pilot protection principle cannot adapt to an ACTL con-
nected to an inverter station [15]. Since the positive and
negative sequence impedances are not equal for an
ACTL connected to an inverter station, it may lead to
mis-operation of the directional element using sequence
components [17]. The DC part exhibits a large short-
circuit impedance when an AC line fault occurs, and this
can cause distance protection to reduce or lose its pro-
tection range [16], while the main electromagnetic tran-
sient process caused by commutation failure influences
AC line distance protection [18].

However, theoretical analysis and on-site recording in-
dicate that the time interval from fault to first commuta-
tion failure is generally more than 3ms [19, 20].
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Therefore, if protection can activate a tripping order for
an ACTL fault within 3 ms of the fault, the consequent
commutation failure will not affect the correct action of
the protection. However, none of the power frequency-
based protection can meet such a requirement, and it is
only possible using transient-based protection.

Transient-based protection directly utilizing fault tran-
sient information to quickly remove a fault has been
studied over the past four decades [21-27]. It can be di-
vided into unit and non-unit transient-based protection
from the perspective of space utilization information.
Compared with unit transient protection, non-unit tran-
sient protection only uses locally measured transient
fault information and can accomplish ultra-high-speed
operation without communication delay. Traveling wave
distance protection [23] and boundary protection are
both non-unit protection. Boundary protection can dis-
tinguish internal and external faults from the fault char-
acteristic differences caused by the change of surge
impedance at the line boundary.

The line boundary in a primary system and bound-
ary characteristics determine the performance of
boundary protection. The earliest line boundary is the
conventional line trap and specially designed stack
tuner aimed at capturing a high-frequency voltage sig-
nal in EHV transmission systems [28, 29]. However,
adjusting the line trap and installing a stack tuner are
difficult in practice. The busbar stray capacitance is
regarded as the line boundary in [30]. This has severe
attenuation on high-frequency transient current. Some
researchers consider both line trap and busbar stray
capacitance as line boundary [31]. Since fiber optic
communication is now widely used, line traps are
rarely used and the scope of their application is
limited. To improve the performance of boundary
protection, the line boundary and corresponding char-
acteristics in UHVAC transmission systems have been
analyzed comprehensively based on real projects. Bus-
bar stray capacitance, the shunt reactor, series capaci-
tance and combined line boundary are used as the
line boundary to distinguish internal and external
faults considering fault characteristic differences, while
a more precise setting method is proposed [1].

Compared with that for the AC transmission line, the
development of boundary protection for the DC trans-
mission line has made great progress. In the primary
HVDC transmission system, DC filters and smoothing
reactors at each line terminal constitute the HVDC line
boundary. This line boundary imposes a significant at-
tenuating or smoothing effect on transient signals, and
makes significant characteristic differences between in-
ternal and external faults [32-36]. However, study on
composition and characteristics of an ACTL connected
to an inverter station is still limited.
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The extent of full usage of the fault characteristic dif-
ferences caused by line boundary also determines the
performance of boundary protection. Digital filters [29,
30], wavelet transform, neural network and mathemat-
ical morphology are applied in boundary protection
algorithms [37-40], but they still rely on the line bound-
ary composed of busbar stray capacitance [37-40].

To develop a novel protection not affected by commuta-
tion failure, a boundary protection (BP) principle utilizing
a backward traveling wave is proposed because of the
boundary specificity of an ACTL connected to an inverter
station. The proposed method can respond to faults
quickly (in under 3 ms) and is immune to commutation
failure. The boundary composition and characteristics of
the AC line connected to an LCC-HVDC inverter are
analyzed first and based on the boundary characteristics,
the novel boundary protection principle using a backward
traveling wave is then proposed. A synchronous squeeze
wavelet transform-based algorithm is established to
extract the energy of a narrow band signal. Finally, the ef-
fectiveness of the proposed protection is validated by
simulation tests of the +800 kV HVDC system in China.

This rest of the paper is organized as follows. Bound-
ary characteristic analysis is investigated in Section 2
and the BP algorithm using a backward traveling wave is
described in Section 3. The simulation model of the +
800 kV LCC-HVDC and 500 kV AC transmission system
is established in Section 4, and extensive simulations are
carried out to verify the effectiveness of the proposed
protection. Finally, conclusions are drawn in Section 5.

2 Boundary characteristics analysis

2.1 Boundary composition

The line boundary is the discontinuous point of the
surge impedance of a transmission line, and is usually
located at both ends of a protected line. Based on the
parameters of the Tian-Zhong +800kV / 8000 MW
HVDC system in China, a typical DC-AC hybrid system
is shown in Fig. 1, where Cs represents the busbar stray
capacitance. As shown, in order to compensate for the
reactive power absorption of the LCC converter and re-
strain the generated AC harmonics, AC filters and a re-
active power compensation device (RPCD) are installed
on the busbar connected to the AC transmission lines.
DC filters and a smoothing reactor (SR) are installed at
both ends of the DC transmission line to retrain DC har-
monics. These reactive power elements form both the
AC boundary and the DC boundary of the inverter sta-
tion as shown in Fig. 1.

2.2 Frequency characteristics of AC boundary of inverter
station

As can be seen in Fig. 1, the AC boundary consists of
the AC filters, RPCD and EHV busbar capacitance. The
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parameters and structure of the AC filters and RPCD
can be obtained from [41]. The configuration of the in-
verter station AC filters and shunt capacitors is shown
in Table 1.

The reactive power compensation device is a high
voltage shunt capacitor (SC), which generally consists of
a high voltage capacitor and a small damping reactance
connected in series. The purpose of the damping react-
ance is to limit inrush current when the capacitor is
switched in. As indicated in some studies, the inrush
current generated when switching in a single group of
capacitors is not severe, and thus a single shunt capaci-
tor can be switched directly without the use of the series
reactance. However, when an existing capacitor group is
already connected and another group is switched in, the
inrush current can be very large and the small damping
reactance is required. Considering the economical as-
pect, there is only one set of shunt capacitors not having
the small damping reactance in the whole station [42].
The small damping reactance ranges from 1 to 5mH,
with a typical value of around 2 mH. Therefore, the high

Table 1 Parameters of the AC filters and shunt capacitors

Elements Type of AC filters Capacity of filter
HP12/24 HP3  sc 9P Mvar

Cy/mF 2992 3003 3.01 1st, 2nd and 3rd group:

Ly,ymH 7213 4218 201 1300

Co/mF 10.194 24.021

Lo/mH 4418

Ry/Q 1000 1060 4th group:

Tuned frequency/Hz  600/1200 150 1040

Q3p, at 515kV/Mvar 260 260 260 Total:

Groups of filters 8 2 9 4940

/WV\J :";;C ﬁlter} __I_ \", C‘:|=:
1T

i group

voltage shunt capacitors are divided into two cases: a
shunt capacitor with a small damping reactance (SC)
and shunt capacitor without the damping small react-
ance (SCO0).

The detailed filter arrangements for the 4 large filter
groups at the inverter station are as follows:

e Groups 1 and 2: each contains two HP12/24 filters,
one HP3 filter and 2 SC.

e Group 3: two HP12/24 filters and 3 SC.

e Group 4: two HP12/24 filters and 2 SC, of which
one SC has no small damping reactance (SCO).

The AC filters and RPDC are all connected in parallel,
which is the same as the ground stray capacitance for
the AC substation [1]. The case of the line boundary is
shown in Fig. 2a and the lumped parameter equivalent
circuit in the Laplace domain is depicted in Fig. 2b. Be-
cause the surge impedance is discontinuous at the line
boundary of a transmission line whose surge impedance
is marked as Z; in Fig. 2, the incident traveling wave 1,
generated by a fault is reflected to form the reflected
wave u;z It is then refracted to form the refracted wave
uy; which enters the other transmission line whose
surge impedance is Z,. Therefore, these devices con-
nected in parallel have the generic boundary transfer
characteristic expression:

2 (22//Zpara)

:Zl +ZZ//Zpara (1)

Hpara ()

where sign // represents parallel relation; H(w) denotes
the transfer characteristic of the line boundary, ie. the
refractive coefficient, which is related to the parameters
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Fig. 2 Refraction and reflection of traveling wave at the line
boundary consisting of parallel impedance. a Line boundary.
b Lumped parameter equivalent circuit by the

Peterson principle

of the line boundary and the line surge impedances Z,
and Z,.

Assuming Z; = Z, =250 Q, then based on the Peterson
principle and the system parameters, the AC boundary
characteristics of the inverter station when there is an
individual AC filter, the SC and filter group are consid-
ered separately can be respectively obtained, as shown in
Fig. 3 and Fig. 4.

The amplitude-frequency characteristics of the AC
boundary are summarized as follows:

a) The reactive power compensation shunt capacitor
without small damping reactance (SCO) is
equivalent to directly connecting a large capacitor
to the ground, which is tens to hundreds of times
the stray capacitance of the busbar to ground in an
AC system, and the line boundary formed has
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Fig. 3 Amplitude-frequency characteristic of the line
boundary consisting of AC filter or SC
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Fig. 4 Amplitude-frequency characteristic of the line
boundary of each filter group

significant attenuation on high frequency signals
above 10 kHz.

b) The line boundary formed by the shunt capacitor
with small reactance (SC) only has attenuation on a
narrow band signal centered on the resonance
frequency generated by the small reactance and
capacitor, while it has no obvious attenuation on
other frequency components. This resonance
frequency and the narrow band signal are called the
specific frequency and specific frequency
component, respectively.

¢) The line boundary formed by the AC filter (HP12/
24) has attenuation only on a narrow band signal
centered on the tuned frequency, while it has no
obvious attenuation on other frequency
components. Similarly, this tuned frequency is the
specific frequency while the narrow band signal is
the specific frequency component. The line
boundary formed by the low-order harmonic filter
(HP3) has limited attenuation on the narrow band
signal centered at the tuned frequency of 150 Hz.

d) The boundary characteristics of each of the 3 large-
group filters comprehensively reflect and strengthen
the boundary characteristics when considered alone
and have significant attenuation on a specific fre-
quency signal and high frequency signals.

Based on the above analysis, it can be concluded
that the AC boundary of an LCC-HVDC inverter sta-
tion has significant attenuation both on high fre-
quency signals and specific frequency signals. These
will cause different fault characteristics between in-
ternal and external faults.
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2.3 Frequency characteristics of DC boundary of the
inverter station

DC filters and the smoothing reactor form the DC
boundary of the inverter station. The parameters and
structure of the DC filters and SR can be obtained from
[41]. The DC filters are all connected in parallel, which
is the same as the AC filters and RPDC, while the
smoothing reactor is connected in series. The configur-
ation of the inverter station DC filters is shown in
Table 2. The case of the line boundary is shown in Fig. 5a
and the lumped parameter equivalent circuit in the La-
place domain is depicted in Fig. 5 (b). Therefore, these
devices connected in series have the generic boundary
transfer characteristic expression:

2Z,

He) =— 22
() Z1+Zsg + 2y

(2)

The DC boundary characteristics of the inverter sta-
tion are studied in the following ways:

e DC filter group only (HP12/24 and HP2/39);

e SR only, with the inductances commonly used 75,
150, 225, 300 and 400 mH;

e Combination of DC filters and SR with different
inductance values.

The amplitude-frequency characteristics of the above
line boundaries are shown in Fig. 6 (a), (b), and (c).

The amplitude-frequency characteristics of the DC
boundary are summarized as follows:

a) The boundary formed by the DC filters (HP12/24
and HP3/39) has no attenuation effect on high
frequency signals, whereas it has significant
attenuation on a narrow band signal centered on
the tuned frequency (called as specific frequency).
The line boundary formed by the DC filter (HP3/
39) has limited attenuation on the narrow band
signal centered at the tuned frequency of 100 Hz.

b) The line boundary formed by SR has a significant
attenuation effect on high frequency signals above

Table 2 Parameters of DC filter

Elements HP12/24 HP3
Cy/mF 035 08
Ly,mH 89.35 11.99
C/mF 0.81 1.825
Lo/mH 48.86 964

Ri/Q 10,000 5700
Tuned frequency/Hz 600/1200 100/1950
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Fig. 5 Refraction and reflection of traveling wave at the line
boundary consisting of series impedance. a Line boundary. b
Lumped parameter equivalent circuit by the
Peterson principle

10 kHz. A larger SR inductance value leads to
higher attenuation.

¢) The combination of the DC filters and SR
comprehensively reflects and strengthens the
boundary characteristics. This makes the
attenuation of specific frequency components and
high frequency components more severe.

Based on the above analysis, it can be concluded that
the DC boundary of an LCC-HVDC inverter station has
significant attenuation on high frequency signals and
specific signals. The characteristics will make significant
differences between high frequency or specific frequency
components of the internal fault and the external fault.
These can be used to form the boundary protection.

The AC boundary and DC boundary of the inverter
station together form the boundary of the ACTL con-
nected to the LCC-HVDC inverter station. By consider-
ing the frequency characteristics indicating that they
have significant attenuation on both the specific fre-
quency components and high frequency components, a
new boundary protection principle can be formed.

3 Principle and algorithm of boundary protection
3.1 Protection principle

Assuming the current reference direction at the relaying
point is from the busbar to the protected line and ob-
serving the relaying point, the forward traveling wave
Auyand the backward traveling wave A, are:

Aug == (Au + ZAi) (3)

N =

Auy, = = (Au - ZAi) (4)

N =

where Au and Ai are the fault components of voltage
and current measured at the relaying point, respectively.
Z denotes the surge impedance of the protected line.
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Fig. 6 Amplitude-frequency characteristic of DC boundary of

the inverter station

Assuming boundary protection is located at the line
terminal M of the protected line MN as shown in Fig. 1,
in the case of an internal fault at f;, the Bewley lattice
diagram of the fault generated traveling waves is shown
in Fig. 7. B; and F; are the initial backward and forward
traveling waves, respectively. The subsequent backward
and forward traveling waves mainly include the
following:

e B, and F, stemming from the opposite terminal
boundary N;

e Bj; and F;3 stemming from the fault point f;;

e B, and F5 stemming from the forward external line
boundary P;

e F, from the backward external line boundary Q.

In Fig. 7, the initial backward traveling wave B, arrives
at the relaying point M, and then boundary protection
detects a fault occurrence at time £, Before B, reaches
the relaying point, i.e., within the time interval [z, £y +
At), all the backward traveling waves detected by bound-
ary protection (B;, B, and B3) do not pass through the
line boundary. Thus, amplitudes of the high frequency
and specific frequency components in the backward
traveling waves will not be attenuated by the line bound-
ary. When a fault occurs at the end of the protected line
MN, At takes the minimum value as At,,;, =2Inp/c,
where Iyp denotes the length of line NP, and c is the
propagation velocity of the traveling wave.

In the case of a forward external fault at f,, the Bewley
lattice diagram of the fault generated traveling waves is
depicted in Fig. 8. B; and F; are the initial backward and
forward traveling waves, respectively. The subsequent
backward and forward traveling waves mainly include
the following:

e B, and F, stemming from the fault point f,;

e Bj; and F; stemming from the opposite terminal
boundary N;

e B, and F, from the forward external line boundary
P;

e Fs from the backward external line boundary Q.

Q M Lk N Py
B
t=tg z,
B2

! 3 7
AL
St

———

B
t=t; =<
£
iy ’

Fig. 7 Bewley lattice diagram under a forward internal fault
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Boundary protection detects the fault at time £,. Before
B; arrives at the relaying point, i.e., within the time
interval [ty, £y + 2[3n/c), where [y denotes the length of
line MN, all the backward traveling waves detected by
boundary protection (B;, B,, when the line NP is short,
B, may also be included) do pass through the line
boundary N. Therefore, amplitudes of the high fre-
quency and specific frequency components in the back-
ward traveling waves will be attenuated by the line
boundary significantly.

In the case of a backward external fault at f;, the Bew-
ley lattice diagram of the fault generated traveling waves
is shown in Fig. 9. At the instant ), the initial forward
traveling wave F; reaches the relaying point M, and
boundary protection detects a fault occurrence at time
tp. Before B; (stemming from the opposite terminal
boundary N) arrives at the relaying point, i.e., within the
time interval [fy, fp+2 [yn/c), the backward traveling
wave does not appear. Thus, the backward traveling
wave detected by boundary protection is zero and theor-
etically, E¢ /E;, becomes infinite. However, for a forward
fault, the backward wave detected by boundary protec-
tion is the initial traveling wave and the subsequent
backward and forward traveling waves meet the law of
reflection, so within the time interval [ty o+ 2 lyn/C),
the backward and forward traveling waves can be
expressed as:

Auf = kaMb (5)

where k¢ is the reflection coefficient of the bus.

Therefore, it can be concluded that within the time
interval [ty fp+2 [yn/c), the time-domain energy ratio
of the forward and the backward traveling waves E; /Ej,
is less than 1 because |k < 1.

From the above analysis, there exist significant differ-
ences in the backward traveling waves between internal
and external faults. Thus, a novel principle of boundary
protection is proposed to effectively utilize such
differences.

After detecting an initial traveling wave generated by a
fault, in the period of At, the time-domain energy ratio
of the forward and backward traveling waves Eg /E}, the
energies of the high frequency and specific frequency
components of the backward traveling waves E;, and E,
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Fig. 8 Bewley lattice diagram under a forward external fault
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are calculated respectively. If E; /Ey, > €, the fault is iden-
tified as a backward external fault, otherwise it is a for-
ward fault and the product of the high frequency energy
and specific frequency energy (E,E,) is calculated. If
ELE, > ¢;, the fault is determined to be internal, other-
wise it is a forward external fault.

The protection principles can be further described as
follows:

(1) The threshold ¢, is used to distinguish the fault
direction. In the case of backward faults, within the
time interval At, the backward traveling wave is
theoretically zero. Thus, considering sensitivity and
reliability, the threshold value ¢ is 2 in this paper.
To ensure that the fault direction characteristic is
strictly established, At < 21,/c, where [, is the
length of the shortest line among all the lines
connected to the same busbar.

(2) Transient current is a high frequency signal, which
is easily influenced by high frequency noise. A
mathematical morphology filter (MMF) with a flat
structure element is applied to remove high
frequency noise and eliminates the possibility of
incorrect operation caused by the sharp part of the
waveform.

(3) The length of the AC transmission line connected
to the LCC-HVDC inverter station is short so that
the post-fault time interval At is very short. The
shorter time interval A¢ makes the protection oper-
ation faster. However, in order to make better use
of the characteristic differences of the backward
traveling waves between internal and external faults,
besides the initial backward traveling wave By, the
subsequent backward traveling waves (B, and/or
B3) under internal faults should also be included in
At, so At > [n/c. Moreover, if At is too short, the
extraction for the high and specific frequency com-
ponents will be difficult. Considering the protection
operation speed and reliability, At should be set as
Iyn/c < At < min{2lnp/c,2lpn/c}. For the protection
line connected to the LCC-HVDC inverter station,
At =0.42 ms ([ = 62.5 km) and it can be used to
extract the energy. However, At can be extended
due to the attenuation on the magnitude of the
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traveling wave propagating on the transmission line.
It has no effect on the accuracy of the boundary
protection and can ensure reliability.

(4) The boundary elements of R, depend on the
characteristics of the line boundary N. For ultra-
high voltage AC lines, the line boundary N consists
of only the busbar ground stray capacitance which
has significant attenuation on high frequency com-
ponents [1]. Thus, the time-domain energy of the
high frequency components can be used to identify
the fault.

(5) Clarke phase-modal transformation is applied in
this paper to obtain the o, f and 0 modal voltages
and currents. Boundary protection uses the aerial-
mode components due to the severe attenuation of
the zero-mode component. Comparing the absolute
magnitudes of the a mode and  mode, the larger is
selected as the significant fault mode to cover all
ten types of fault and form the backward traveling
wave in the above boundary protection principle.

3.2 Synchronous squeeze wavelet transform-based
algorithm

A synchronous squeeze wavelet transform (SST) trans-
forms the time-scale (4,b) plane onto the time-frequency
(w; D) planes to make W,(a,b) limited to the frequency
range with the center frequency of w;, by compressing
the wavelet transform coefficients W(a,b). In the fre-
quency range where the center frequency is o), the time-
frequency energy is concentrated near the center fre-
quency and there is no cross term in each frequency
curve, thereby effectively reducing band aliasing.

SST can obtain the band energy of the signal over a
certain period ([£;, £,]) in a certain frequency interval
(5> f2]), as shown in (6). Compared with DWT, SST di-
vides the frequency space more precisely, so it can be
used to extract the energy of a narrow band signal, such
as the specific frequency components and high fre-
quency components.

E= / SST(x(t)) (6)

f1sf<fy

For the shunt capacitor with small damping reactance
at the inverter station in the Tianzhong AC-DC hybrid
system, its resonant frequency f, is:

fo= = 2048.5Hz (7)

1
2nvVLC

A flowchart of the boundary protection algorithm is
shown in Fig. 10.

(2020) 5:29

Page 8 of 12

4 Simulation and results analysis
Based on the Tian-Zhong (in China) + 800 kV / 8000
MW HVDC system, a typical AC-DC hybrid simulation
model is established as shown in Fig. 1. Twenty-four-
pulse converter valves are installed in the converter sta-
tion. The lengths of the HVDC transmission line and
protected AC transmission line, both modelled using fre-
quency dependent models, are 2190 km and 62.5 km, re-
spectively. The other AC transmission lines are 21.27 km
and 16.87 km long. The transmission line structures are
shown in Fig. 11 (a) and (b) for AC and DC, respectively.
As for control strategies, the rectifier station adopts the
conventional constant current control strategy, and the
inverter station adopts conventional constant current
control and constant extinction angle control strategies.
The sampling rate is 400 kHz and the total data win-
dow At=1.28 ms. The specific frequencies take the two
center frequencies closest to f,, i.e., fo=2040.2 Hz and
f1=2087.3Hz. The high frequency components are
taken from 30 to 35kHz, i, f;= 30 kHz and f;, = 35 kHz.
The protected line is MN and the boundary protection

Ghages and current in fault data wi.nd@

’ Clark phase-modal tranformation

l

Calculate the energy ration of the backward and
forward traveling wave E/Ej,

N
E f/Eb> €92
Backward external fault
Y
Synchrosqueezed wavelet transform
Obtain the time-domain high frequency and
specific frequency energy: Ej, E,
N
Forward external fault

Non-operation Boundary protection operation

A 4

End

Fig. 10 Flowchart of boundary protection algorithm
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Fig. 11 AC and HVDC transmission line structures

is arranged at the N end. For MMEF, a flat structure
element is employed and the size is 3. The data window
of the direction element At 4, =0.15ms (N, = 60) and
the threshold €, =2. The setting method for boundary
protection of an adaptive fault type is adopted, and the
threshold ¢; is respectively determined in terms of fault
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Fig. 12 Protection response for a typical internal fault
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types: gg5 =4.56€13, £44, = 5.65e15, £45="7.32el5, and
eapc = 1.25el6.

For an internal metallic phase A grounding fault at the
middle of line MN, which is 32.5 km from busbar N with
the inception angle of 90°, as shown in Fig. 12, the fault
occurs at 0.32ms and the total fault data is 1.28 ms
(0.32—1.6 ms). The fault direction is identified as a for-
ward fault because of the energy ratio of the forward
and backward traveling wave being E; /E;, = 0.401034. At
1.6 ms, it calculates ELE, = 6.05e19, which is larger than
the threshold &4, Thus, at only 1.28 ms after the fault
occurrence, boundary protection operates.

For a forward external metallic phase A grounding
fault at the middle of another line MQ at 0.32 ms, which
is 15 km from busbar M with phase A inception angle of

o 10° Backward Traveling-wave 15 10° Forward Traveling-wave
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Fig. 14 Protection response for a typical backward
external fault
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Table 3 High frequency and specific frequency energy of backward traveling wave at different fault locations (R =300 Q, 6 = 90°, ABg)

Fault location Ep, E, E,E, Discriminated result
Ive=T1km 1.549%4e+ 10 1.5847e+ 08 24543e+ 18 Internal
Ine=31.25km 1.1377e+10 2.0587e+ 08 2.3421e+18 Internal
Ine=61.5km 1.6953e+ 10 6.2233e+ 07 1.0550e+ 18 Internal

90°, the results are shown in Fig. 13. The fault direction
is identified as a forward fault because of the energy ra-
tio of the backward and forward traveling waves E; /Ey, =
0.534551. At 1.6 ms, it calculates E,E, = 4.12e12, which is
less than the threshold &4, Thus, boundary protection
does not operate.

For a backward external phase A grounding fault at
busbar N at 0.32 ms, with the fault resistance of 5 Q) and
the phase A inception angle of 90°, the results are shown
in Fig. 14. As can be seen, the data window time for cal-
culating Ef /E; is 0.32-0.47 ms, and only 0.32 ms after
the fault occurrence. It calculates Ef/E; = 1.6e6, which is
larger than the threshold &, up to six orders of magni-
tude. Thus, the fault is reliably determined to be back-
ward, and boundary protection does not operate.

The boundary protection is further tested under the
following different fault conditions (f indicates the fault
point) and Tables 3, 4 and 5 summarize the simulation
results of the boundary protection:

o Three fault positions in line MN: /5= 1km, 31.25
km and 61.5 km;

e Two fault resistances (R): 0 Q2 and 300 Q.

e Three phase-A inception angles (0): 5°, 45° and 90°.

e Four fault types: A-G, AB-G, AB and ABC.

The simulation results of boundary protection with
different fault locations, different fault resistances
and different inception angles are given in Tables 3, 4
and 5. The smaller the initial fault angle is, the smaller
the E,E, value is, and the sensitivity of boundary element
discrimination will decrease. When the fault with high

resistance and small inception angle occurs at the end of
the line, the boundary element will refuse to operate.

The extensive simulations in Tables 3, 4 and 5 show
that most forward internal and external faults can be
distinguished correctly within 1.28 ms after a fault oc-
currence. Only for single-phase grounding faults at the
end of the protected line with high fault resistance or
small fault inception angle, the sensitivity of boundary
protection is reduced and boundary protection may fail
to operate (such as the phase A grounding fault with
Iny=62.5km and the inception angle of 5° in Table 5). It
also indicates that it is difficult to reliably protect the
whole line by only utilizing the non-unit transient fault
information. The simulation results prove that the novel
protection principle is immune to commutation failure,
fault resistance and fault type.

5 Conclusions
This paper comprehensively analyzes the inherent fre-
quency characteristics of an inverter station boundary.
Both the AC boundary and DC boundary have signifi-
cant attenuation on high frequency components and
specific frequency components. The AC filters, shunt ca-
pacitors with small damping reactance and DC filters
have attenuation on specific frequency components
dependent on the structure of the filters, whereas shunt
capacitors without small damping reactance and SR have
significant attenuation on high frequency components.
Based on the boundary characteristics, a novel bound-
ary protection principle using a backward traveling wave
is proposed for an ACTL connected to an inverter sta-
tion. As this protection scheme does not need a

Table 4 High frequency and specific frequency energy of backward traveling wave with different fault resistances (6 = 90°)

Fault condition E, E, E, E, Discriminated
Fault location R/IQ Fault type result
Ine=31.25km 0 Ag 7.5379%+ 10 8.0295e+ 08 6.0526e+ 19 Internal
AB 9.6894e+ 10 1.1590e+ 09 1.1230e+ 20 Internal
ABg 1.0511e+ 11 1.0678e+ 09 42761e+19 Internal
ABC 1.6995e+ 11 2.2635e+09 1.1224e+ 20 Internal
300 Ag 1.0334e+ 10 24429+ 08 2.5243e+18 Internal
AB 1.7593e+ 10 4.8874e+ 08 8.5986e+ 18 Internal
ABg 1.1377e+10 2.0587e+ 08 2.3421e+18 Internal
ABC 4.3934e+ 10 6.7390e+ 08 2.9607e+ 19 Internal




Liu et al. Protection and Control of Modern Power Systems

(2020) 5:29

Page 11 of 12

Table 5 Simulation results of boundary protection with different fault inception angles (Ag)

Fault condition E, E, E, E, Discriminated
Fault location 6 R/Q result
Ine=1km 90° 0 9.6291e+ 10 9.3291e+09 8.9832e+ 20 Internal
300 8.9699%+ 09 1.2171e+08 1.0918e+ 18 Internal
45° 0 4.9697e+ 10 8.6482e+ 09 4.2979%e+ 20 Internal
300 4.645%+ 09 6.2445e+ 07 29011e+17 Internal
5° 0 6.5556e+ 08 1.6960e+ 08 1.1118e+ 17 Internal
300 6.0405e+ 07 2.5661e+06 1.5500e+ 14 Internal
Ine=31.25km 90° 0 7.537%+ 10 8.0295e+ 08 6.0526e+ 19 Internal
300 1.0334e+ 10 24429+ 08 2.5243e+18 Internal
45° 0 3.6900e+ 10 4.1460e+ 08 1.5299%e+ 19 Internal
300 5.1037e+ 09 1.2447e+ 08 6.3526e+ 17 Internal
5° 0 5.2071e+08 8.5259%+ 06 44395e+ 15 Internal
300 7.1285e+ 07 23735e+06 1.6919%e+ 14 Internal
Ini=61.5km 90° 0 3.8895e+ 10 4.9823e+ 08 1.9378e+ 19 Internal
300 1.0006e+ 10 8.0355e+ 05 8.0407e+ 15 Internal
45° 0 1.9488e+ 10 3.0777e+ 08 5.9977e+18 Internal
300 4.9731e+09 3.2226e+05 1.6026e+ 15 Internal
5° 0 3.1253e+ 08 5.1877e+07 1.6213e+ 16 Internal
300 8.0297e+ 07 4.5757e+04 3.6742e+12 external

communication channel to receive information from the
remote end, it can identify a fault in under 3 ms. There-
fore, the consequent commutation failure will not affect
its correct detection of the fault. Simulation results show
that the boundary protection operates stably under vari-
ous fault conditions.

However, it is difficult to reliably protect the whole
line under some heavy fault conditions and further stud-
ies and explorations are needed to improve this scheme.
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