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The current of line distributed capacitance might affect the performance of current differential protection, which
becomes more serious in DC systems. This paper proposes the frequency-based current differential protection for
VSC-MVDC distribution lines to solve the above problem. The protection identifies internal faults using the ratio
of low-frequency energy to high-frequency energy of the differential current. Unlike the existing current dif-
ferential protection, the proposed protection: (1) is not disturbed by the current of the line distributed capaci-

tance that is the brake component instead of the maloperation component to the proposed protection; (2) can
tolerate the interference of the noise that is high-frequency. The protection criteria are presented, and the set-
tings are analysed. The dead zone component is proposed to handle near-end faults. The test results have shown
that the proposed protection is not affected by the line-distributed capacitance and can correctly operate under
50 Q fault resistance. It can also tolerate 20 dB of white noise and 40 ps of synchronisation error.

1. Introduction

With the development of the renewable distributed generations and
DC loads, VSC (Voltage Source Converter)-MVDC (Medium Voltage
Direct Current) distribution systems [1] have been researched for their
excellent performance in areas such as fewer conversion stages for both
distributed generations and DC loads, flexible control, excellent power
quality, etc. Although the VSCs can limit AC fault current, they are
vulnerable to DC faults [2,3]. The DC faults will cause serious over-
current with the peak usually attained within a couple of milliseconds.
Even though the VSC is blocked, the fault current can still flow through
the diodes of VSC, and the overcurrent cannot be eliminated [4]. The
DC circuit breaker (DCCB) [5] is a promising candidate for MVDC
distribution networks. DC line protections (the scope of this paper) are
crucial to the DCCB scheme.

The high speed and selectivity are expected for the DC line pro-
tections. The high speed (a couple of milliseconds) can prevent VSCs
from being damaged and also brings down the interrupting requirement
of DCCB. The selectivity of protection can isolate the fault line without
interruption of the continuous operation of adjacent healthy lines,
which is significant to the power supply reliability. The existing lit-
eratures have proposed some protection algorithms but have some
shortcomings.

The travelling wave protection [6] is generally adopted as a primary
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protection in the traditional HVDC (High Voltage Direct Current) sys-
tems with LCC (Line Commuted Converter). Refs. [7,8] introduce the
travelling wave protections into VSC-DC systems. The Ref. [7] adopts
the wave shape properties of the first travelling wave, which is in-
dependent of the arrival times. However, the data acquisition units with
very high sampling rate is necessary. The Ref. [8] proposes a novel
protection based on the surge arrival time difference between the
ground-mode and line-mode travelling waves. Nevertheless, the
method is only suitable for pole-to-ground faults, and cannot be used
for pole-to-pole faults without the ground-mode travelling waves.

Current protections are proposed in [9,10]. However, the setting
calculation in instantaneous value is a challenge in [9]. The method in
[10] is suitable for the DC microgrid, in which there is no segmentation
on lines. A passive circuit is introduced to assist the current protection
in identifying high resistance faults in [11]. The added circuit could
adversely affect the system reliability. Ref. [12] researches the direc-
tional current protection scheme for LVDC grids, which is difficult to
apply to the MVDC distribution network. The protections based on the
change rate of voltage [13] and current [14] are researched, which are
vulnerable to fault resistances and high-frequency noises [15]. A dis-
tance protection [16] calculates the fault distance with the voltage
difference between two voltage sensors. This method needs an extra
sensor. Additionally, the above local-measurement protections are dif-
ficult to protect the whole line at a satisfactory speed.
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The fault current limiting reactors can be considered as the
boundary to high-frequency components. Some boundary protections
are proposed to achieve the selectivity requirement using the voltages
on both sides of the limiting reactor [17], their changing rates [18], and
the changing rate of the limiting reactor voltage [19]. However, these
reactors may adversely affect the dynamic performance of control and
reduce the voltage stability of the system [20]. Additionally, the
boundary protections cannot be utilised in the system without DC-
limiting reactors at the both terminals of the lines.

The current differential protections can protect the whole line for
the system without DC-limiting reactors, which is widely adopted in AC
and DC systems. However, because of the line distributed capacitance
(LDC), the current differential protection in the LCC-HVDC systems
generally needs a large time-delay to avoid maloperation [21]. The
current differential protections [22-24] are applied for low voltage
VSC-DC microgrids in which the LDC is not considerable. In the VSC-
MVDC distribution system, the cables of several kilometres are in-
volved, and the LDC cannot be ignored. The current differential pro-
tection will be a potential primary protection for the VSC-MVDC dis-
tribution system if the problem of the LDC can be adequately solved.

In AC systems, capacitance current compensation algorithms based
on si-type line model [25] and the steady state transmission line model
[26] have been researched to improve the performance of current dif-
ferential protections. However, the transient current of LDC cannot be
completely compensated, which is the main problem for the current
differential protections of DC systems. A differential protection based
on equivalent travelling wave [27] is proposed for the AC system. Al-
though the protection can tolerate the interference of LDC, the high
sampling rate is adopted. In [28], a transverse differential current
protection is proposed for pole-to-ground faults, which is immune to the
LDC. However, the protection becomes invalid for pole-to-pole faults.
The existing methods are still unable to solve the problem of the LDC
transient current thoroughly.

Aiming at the problem of the LDC transient current, this paper
proposed a novel current differential protection that is based on the
frequency instead of magnitude. The protection identifies internal faults
using the ratio of low-frequency energy to high-frequency energy of the
differential current, which is immune to the LDC current thoroughly
and can tolerate the interference of the noise that is high-frequency.
The Discrete Wavelet Transform (DWT) is adopted to extract the fre-
quency characteristic of the differential current. A dead zone criterion is
proposed to assist the protection in handling near-end faults.

2. Characteristics of differential current

The research object of this paper is shown in Fig. 1. The rated
voltage of the DC distribution network is = 10kV. It consists of two
terminals interfaced with AC sources through VSC1 and VSC2. The DC
load and the AC load are respectively connected through the DC
transformer and VSC3. The diodes at the load connection points are
used to avoid fluctuations of load voltage during DC line faults. DC
circuit breakers are configured to test the selectivity of the proposed
protection.

Classical VSC topologies involve the two-level VSC [29] and MMC
(Modular Multilevel Converter) [30]. Because the voltage level of DC
distribution networks is relatively low, the two-level VSC is adopted in
the research object.
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Fig. 1. Schematic diagram of DC distribution system.
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Fig. 2. Equivalent circuits of line with distributed parameters.

The equivalent circuit of line with distributed parameters is shown
in Fig. 2. The differential current is equal to the sum of the currents at
both ends (iy and iy in Fig. 2). For the internal fault (Fig. 2a), the
differential current includes fault currents and LDC currents. For the
external fault (Fig. 2b), the differential current only includes and LDC
currents.

In the case of internal or external faults, there are significant dif-
ferences in the main components of the differential current. Therefore,
if the differences can be extracted and scaled, the internal and external
faults can be discriminated. The frequency characteristics of fault cur-
rents and LDC currents will be respectively analysed as follows.

2.1. Frequency characteristics of fault current

For two-level VSC, the fault process of DC pole-to-pole faults can be
divided into three stages [31], namely, the DC-linked capacitor “dis-
charging stage”, diode “free-wheeling stage” and AC-side current
“feeding stage”, as shown in Fig. 3. The frequency characteristics of the
current during each stage are analysed, respectively, as follows.

2.1.1. Discharging stage

After the fault inception, the DC-linked capacitor firstly discharges
to the fault point. During this stage, the line fault current mainly con-
cludes the discharging current of the DC-linked capacitor. The AC
system has less impact on the fault current in the stage. Therefore, the
equivalent circuit can be simplified to a second-order circuit as shown
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Fig. 3. Equivalent circuits in different stages.
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in Fig. 3(a). The main component of the fault circuit is the decaying
periodic component whose frequency can be calculated with the Eq.

1):

_ J(/dL,C) — (Ry/2Ly)?
B 2 (@]

where d is fault distance, R, and L, are resistance and inductance per
unit length of the DC line, respectively. C represents capacitance of DC-
linked capacitor.

From the above equation, the current frequency is inversely pro-
portional to the fault distance and the capacitance of the DC-linked
capacitor. Due to the large capacitance of the DC-linked capacitor, the
frequency of the fault current is generally low. With the system para-
meters of this paper, for a fault occurs at 0.5 km, the frequency of the
current is about 875 Hz. When the fault distance is larger, the frequency
will be lower. For the faults at near-end, this case will be discussed as a
dead zone in Section 3.4.

Therefore, during the discharging stage, the fault current is con-
centrated in the frequency band of less than 1000 Hz.

f

2.1.2. Free-wheeling stage

When the DC voltage decays to zero, the fault current flows through
the reverse parallel diodes of the converter, which is called the diode
free-wheeling stage. The equivalent circuit is a first-order attenuation
circuit, as shown in Fig. 3(b). The expression of the fault current is:

ip =1 e~ (Ru/Lu)t 2)

where I is the initial fault current for this stage.

The fault current is a decaying DC component. With the system
parameters of this paper, the decay time constant is 2.64 ms. Therefore,
during the free-wheeling stage, the main frequency band of fault cur-
rent is also less than 1000 Hz.

2.1.3. Feeding stage

With the attenuation of the DC fault current, the AC side starts to
feed the current to the fault point through the diode rectifier bridge (the
locked converter). The equivalent circuit is shown in Fig. 3(c). Ac-
cording to the characteristics of the diode rectifier bridge, the fault
current mainly contains DC components and 6th harmonic components
[32]. Therefore, the main frequency band of fault current is con-
centrated below 300 Hz (the AC side power frequency is assumed to be
50 Hz).

In summary, during the entire fault, the fault current is mainly
concentrated in the low-frequency band below 1000 Hz.

2.2. Frequency characteristics of LDC current

During the transient stage, the propagation of the fault travelling
wave causes a change in voltage. The negative voltage travelling wave
causes discharging of LDC, and the positive one causes charging. The
frequency of LDC current is related to the polarity of voltage wave,
which is analysed as follows.

Taking the positive pole line as an example, after the inception of
DC pole-to-pole faults, the polarity of the initial voltage wave from the
fault point is negative, and the LDC discharges. The transmission time
of the travelling wave from the fault point to the line terminal is 7.
_d
v 3
where v is the travelling wave velocity, d is fault distance.

When the travelling wave arrivals the line terminal, the polarity of
the reflected voltage wave is determined by the polarity of reflection
coefficient § as shown in (4).

u, = By 4
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_ Zterminal — Zline
terminal —
Zterminal t Zline %)

where u, is the reflected voltage wave and y; is the incident wave;
Brerminar i the reflection coefficient of line terminal, 2ierminal is the wave
impedance of the terminal, and ;. is the wave impedance of the line.

In the first case, the terminal wave impedance is greater than the
line wave impedance, and PBierminal iS positive, and the polarity of re-
flected voltage wave at the line terminal is still negative. The LDC
continues to discharge. After the time of 7, the wave arrivals the fault
point. The reflection coefficient of the fault point is

_ Zfault — Zline
fault —
au Zfault + Zline (6)

where zg,, is the wave impedance of fault point where the fault re-
sistance and the line wave impedance are connected in parallel. z¢, is
less than 2jine, and P is always negative.

Therefore, the reflected voltage wave at the fault point is positive.
The LDC charges during the next r time. Then the wave arrival the line
terminal again. The reflected voltage wave at the line terminal is po-
sitive (Bierminal i positive), and LDC continues to charge during the next
7 time. The next process will repeat the above analysis. The whole
process is shown in Fig. 4a. The main frequency of LDC current is

1 v
finc = ar E (2]

In the second case, the terminal wave impedance is less than the line
wave impedance, and PBierminal iS negative. The travelling wave process
is shown in Fig. 4b. The main frequency of LDC current is

1
Jipe = 2 2d (8)

In any case, the frequency of LDC current is above v/4d [33].

It is considered that the distribution distance will not exceed 40 km
in + 10kV DC distribution networks [34]. Travelling wave velocity is
close to the speed of light. It can be calculated that the frequency of LDC
current is not less than 1800 Hz.

From the above analysis, for DC pole-to-pole faults, the fault current
is mainly concentrated in the low-frequency band below 1000 Hz, and
the LDC current is concentrated in the high-frequency band above
1800 Hz. Therefore, by detecting the frequency distribution of the dif-
ferential current, it is possible to distinguish internal faults from ex-
ternal faults.

3. Frequency-based current differential protection

A new current differential protection is proposed in this paper.
Instead of using the magnitude of the differential current, the frequency
distribution of the differential current is utilised. The protection algo-
rithm includes a start-up component, a fault-type component, an in-
ternal fault identification component and a dead zone component.
These components and protection logic are presented as follows.
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(b) Reflection coefficient of line terminal is negative

+

Fig. 4. Travelling wave process. (VTW represents voltage travelling wave, +
and - represents positive and negative respectively).
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3.1. Start-up component

The start-up component is proposed to activate the protection, and
its criterion is

Qi 1>k I, or ligl > kI, 9

where i, is the measured current of the positive pole or the negative
pole; Aig, is the sudden-change component of current, which is the
difference between the current and its value of 1 ms ago. I, is the rated
current of the protected line. k; and k, are pre-fixed threshold coeffi-
cients.

The sensitivity is the key to start-up components. The threshold
coefficients should ensure that the start-up criterion can be met during
internal faults. Additionally, these threshold coefficients should stay
away load fluctuations. In this paper, k; is set as 0.1, and k, is set as 1.1.

3.2. Fault-type component

The proposed protection is aimed at pole-to-pole faults. Pole-to-
ground faults do not cause severe overcurrent in the high resistance
grounding system, and the above analyses are not suitable for the pole-
to-ground faults. Therefore, a criterion is proposed to distinguish fault
types. During pole-to-pole faults, voltages of both poles decrease.
During pole-to-ground faults, the voltage of the fault pole decreases,
while the voltage of the non-fault pole increases. The following criteria
are proposed:

|up|<k3'Un
lunl<ks-U, (10)

where u;, and u, are the measured voltages of the positive pole and the
negative pole, respectively; U, is the rated pole voltage; ks is a pre-fixed
threshold coefficient.

The threshold coefficient k3 should stay away the voltage during the
pole-to-ground faults. Under normal conditions, the pole voltage is
expected between 0.95U, and 1.05U,,. During pole-to-ground faults, the
non-fault pole voltage is larger than 0.95U,,. Therefore, ks is set as 0.95,
which can identify pole-to-pole faults.

It should be noticed that for a solid grounding system, the proposed
protection is also suitable for pole-to-ground faults, and the fault-type
component is no longer needed.

3.3. Internal fault component

The differential current is defined as the sum of the currents of both
ends of the protected line.

fcg = Iy + ix 1)

where i is the differential current; iy; and iy are respectively the cur-
rents at both ends, whose positive direction is from bus to line.

The ratio of the low-frequency energy to the high-frequency energy
of the differential current is adopted to identify internal faults:

EL/Ey > ky 12)

where F;, and Ey are respectively the energy of low-frequency (below
1.56 kHz) and high-frequency (above 1.56 kHz); k4 is a pre-fixed
threshold. The method obtaining E; and Ey will be shown in the next
Section of signal processing.

The data window and the threshold k4 are two critical factors for the
performance of the protection.

Calculations of the energy needs a data window. The length of the
data window will affect the speed and the sensitivity of the protection.
A short data window can reduce the operation time of the protection.
For the proposed protection, the fault current is the operation compo-
nent, and the LDC current is the brake component. After the fault in-
ception, the fault current increases and the LDC current decays. A long
data window can ensure that the protection sensitively operates during
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internal faults. With the system parameters of this paper, the fault
current reaches its peak within 2 ms. According to the above analysis,
the data window length is set as 2 ms in this paper.

The threshold k4 will affect the reliability and the sensibility of the
protection. During external faults, synchronisation errors might cause
the error of differential current. A high threshold can prevent protection
from maloperation caused by synchronisation errors. A low threshold
can improve the sensitivity of the protection. Normally, the threshold k4
is recommended to be set as 1.

3.4. Dead zone component

For the faults located at the near-end, the frequency of the fault
current during the discharging stage might be above 1.56 kHz. In
theory, there is a near-end dead zone for the internal fault criterion
(12). With the system parameters of this paper, the dead zone range is
from Okm to 0.158 km. Therefore, a dead zone criterion is needed to
prevent protection from miss trip in the dead zone. The dead zone
criterion is:

ldu/dtl > ks
ip>11X1I, 13)

where du/dt is the rate of change of the pole-to-pole voltage. ks is a
threshold. iy, is the measured current, and I, is the rated current that is a
positive value.

The threshold ks should stay away the rate of change of the pole-to-
pole voltage during the external faults in the remote adjacent line. It
can be set with simulations, in which a solid fault is located at the outlet
of the remote adjacent line.

This dead zone criterion can cover the near-end dead zone and do
not exceed the protected line.

3.5. Protection logic

The protection logic is shown in Fig. 5. After the inception of faults,
the protection is activated by the start-up component. Then, if the fault-
type criteria are met, the data of the differential current within 2 ms
after start-up are extracted. DWT is adopted to analyse the frequency
characteristics of the differential current. The results of DWT are uti-
lised by the internal fault component. If the internal fault criterion is
met, the protection operates. At the same time, if the dead zone criteria
are met, the protection also trips.

Extracting differential
current data within <
2ms after starting
Y
N
Internal fault Dead zone
component component

Y

Protection operating

Fig. 5. Flowchart of the proposed algorithm.
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Fig. 6. Schematic diagrams of protection installation.

3.6. Protection installation

The schematic diagram of the protection installation is shown in
Fig. 6. There are two protective relays installed at the both terminals of
the protected line. The two protective relays exchange their current
measurements with each other through optical fibres. Generally, Hall-
effect transducers are adopted to measure the DC current signal.

4. Signal processing
4.1. Discrete wavelet transform

The wavelet transform is one of the powerful tools for processing
signals. It has good localisation performance in both time and frequency
domains and is efficient for both high-frequency and low-frequency
signals.

Discrete Wavelet Transform (DWT) [35] can divide signals into
different frequency bands according to a certain scale, and then re-
construct the time-domain signals to separate each frequency band. As
shown in Fig. 7, for a signal whose sampling frequency is 50 kHz, 4-
layer decompositions and reconstructions are implemented. The high-
frequency time-domain signals (1.56-25 kHz) are extracted. Therefore,
DWT is chosen to process the differential current signals.

4.2. Selection of mother wavelet

The mother wavelet is crucial to the performance of wavelet
transform. Its selection is still a difficult problem. This paper proposes a
method to select mother wavelet for the analysis of differential current.

The general idea is to select the mother wavelet which can genu-
inely reflect the frequency distribution characteristics. The specific
steps are as follows:

First step: proposing digital signals to simulate the differential
current during each fault stage.

For the discharging stage, the differential current involves decaying
periodic components (low-frequency) and LDC current (high-fre-
quency). The digital signal of (14) is adopted.

a High frequency

: P

& (1.56-25 kHz) \ A
Reconstruct |

Original
signal
(0-25kHz)

HHy2> a2

(0-6.25 ki) (&f2> a4

‘ | = 2 (1.56-3.125 kHz)
' : keep one sample out of two ! Hﬂ%_:l(;‘; KHz)

1l i g B W 2 K7,

: put one zero between each sample§ 2> ad

: : convolve with low pass filter

| o . ' Decompose
: : convolve with high pass filter i e

Fig. 7. Decomposition and reconstruction of DWT.
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xc(£)
= e 10 cos(27r X 500 X t) + e % sin(27r X 500 X t) -
cos(27r X 3000 X t) 14)

For the free-wheeling stage, the differential current includes de-
caying DC component and LDC current. The following signal is used.

xq(t) = 739 - cos(27r x 3000 X t) (15)

For the feeding stage, the differential current mainly contains 6th
harmonic components and LDC current, which is simulated with the
following signals.

X7 (t) = cos(27r X 300 X t) - cos(27r X 3000 X ) (16)
Second step: for the above digital signals of each stage, extracting

their low-frequency signal and high-frequency signal with candidate

mother wavelet; and calculating their energies. Then, the frequency

band extraction error is defined as

ELsigna]

EHsignal a7z

ELsignal _ Epwavelet

Ai =100 X

EH signal EH wavelet

where the subscript i represents the fault stage; Eryaveler a0d Egwavelet 1S
respectively the energy of low-frequency and high-frequency extracted
by the candidate mother wavelet; Ejggna1 and Epgignal are respectively
the actual energy of low-frequency and high-frequency of the digital
signals. The energy is calculated as

T
E= f x(£)2dt
0 (18)
Third step: calculating the weighted error coefficient ¢ of the can-
didate mother wavelet with (19). The error coefficient involves the
frequency band extraction errors of each fault stage and the computa-
tional complexity of the candidate mother wavelet. The mother wavelet
whose error coefficient is minimum will be selected for the proposed
protection.

§= wrde + wydg + WS'Af + Wy Cyavelet 19)

where A, Agq, and Ay is the frequency band extraction error of dischar-
ging stage, free-wheeling stage, and feeding stage respectively; Cyavelet
represents the computational complexity of the candidate mother wa-
velet; wy_4 represents the respective weights.

The computational complexity Cyayele is defined as

Cwavelet =100 X Twavelet - 7211;1

Tav1 (20)
where Ty avelet i the calculation time of the candidate mother wavelet
(this paper adopts the total time of 50,000 calculations), and Typ; is the
calculation time of db1l mother wavelet. Cyavelet is a relative complexity
of candidate mother wavelet compared to dbl.

The weights w;_4 are important. The selection of weight values is
based on the possibility of the fault stage appearing in the protection
data window. To the DC system shown in the Fig. 1, the DC fault
process involves the three stages in most cases. The protection proposed
in this paper is expected as a primary protection, which should operate
within a couple of milliseconds. The data window of wavelet transform
involves mainly the capacitor discharging stage that is the initial fault
stage. Therefore, the weight of the discharging stage w; should be much
bigger than the other weights, which is set as 0.8. The second stage and
the third stage are given small weights, 0.1 and 0.05 respectively. The
computational complexity Cyavelet is related to the computing ability of
protection, which is not the key problem to the protection with DSP
(Digital Signal Processing). The computational complexity is also given
a small weight of 0.05. The weight setting can also be adjusted if the
wavelet transform is used for other purpose.

Table 1 lists the error calculation results of the candidate mother
wavelets (dbl to db10 and sym1 to sym10). As shown in the table, the
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Table 1

Extraction errors of candidate mother wavelets.
Mother wavelet Ac Ad As Cwavelet Ewavelet
dbl 15.06 11.81 37.93 0 15.13
db2 10.63 7.46 8.19 2.44 9.78
db3 10.78 6.03 8.33 4.74 9.88
db4 0.57 4.20 9.41 5.20 1.61
db5 1.15 1.07 5.26 6.25 1.60
db6 7.40 3.08 5.21 5.27 6.75
db7 3.80 0.43 3.91 9.51 3.75
db8 0.52 2.37 4.00 9.52 1.33
db9 11.55 6.22 0.49 8.58 10.32
db10 1.36 0.35 5.55 9.36 1.87
syml 15.06 11.81 37.93 14.48 15.85
sym2 10.63 7.46 8.19 0.87 9.70
sym3 10.78 6.03 8.33 2.20 9.75
sym4 7.69 3.58 5.07 2.44 6.89
sym5 3.04 4.42 2.17 3.79 3.17
sym6 3.49 0.27 3.23 4.20 3.19
sym7 1.44 1.04 3.12 5.14 1.67
sym8 1.49 0.44 1.90 5.76 1.62
sym9 3.73 2.53 0.45 436.85 25.10
sym10 3.53 2.45 0.30 785.38 42.35

extraction errors of the different mother wavelet are different. The
weighted error coefficient of db8 mother wavelet is minimum. There-
fore, the db8 mother wavelet is adopted to process the differential
current signal for the proposed protection.

5. Simulation verification

A model of a double-terminal DC distribution simulation system (as
shown in Fig. 1) has been constructed in PSCAD/EMTDC to verify the
proposed algorithms. The DC rated voltage is = 10kV, and the rated
capacities of the VSCs are 7 MW. The DC-side voltage is controlled by
VSC1, and VSC2 controls the active power. The AC rated voltage is
10kV, and the short-circuit capacity is 350 MVA. The fundamental
frequency of the AC system is 50 Hz. The AC-side equivalent in-
ductances are 10 mH. The DC-link capacitors are 100 pF. The DC-side is
grounded by a high resistance.

There are three sections of DC lines whose length are all 5km,
which are simulated with n-type equivalent circuits, and their para-
meters are shown in Table 2.

The MN line is taken as an example to verify the proposed protec-
tion. The protection relays are installed at both M and N terminals.
Point-to-point optical-fibre channels are utilised by the protections to
exchange data.

The proposed protection can use different sampling frequencies,
such as 10 kHz or 50 kHz which have been applied in real projects. With
different sampling rate, the number of decomposition layers and the
data window should be adjusted accordingly. Consistent with the pre-
vious analyses, the sampling frequency adopted in this simulation is
50 kHz.

5.1. Internal pole-to-pole faults

5.1.1. Solid faults
A pole-to-pole solid fault was located at the midpoint of MN Line at
0 ms. The original differential current is shown in Fig. 8(a). The low-

Table 2
DC cable parameters.
Resistance Self-inductance  Mutual Capacitance to ~ Coupling
inductance earth capacitance
0.125Q/km  0.586 mH/km 0.256 mH/ 0.350 pF/km 0.039 puF/km
km
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Fig. 8. Differential current during internal pole-pole fault.

frequency (0-1.56 kHz) time-domain signal of the differential current is
shown in Fig. 8(b), which is extracted with DWT whose mother wavelet
is db8. The high-frequency (1.56-25 kHz) time-domain signal is shown
in Fig. 8(c). The low-frequency energy is 49902.70 A%s, and the high-
frequency energy is 98.17 A%s. The ratio of low-frequency to high-fre-
quency is 508.30, which is much larger than 1. The internal fault cri-
terion (12) is met, which means that the differential current mainly
contains the fault currents. The protection operates correctly.

The pole-to-pole solid faults were also tested under different fault
distance as shown in Table 3. When the fault is located at 0% of the MN
Line, the proposed internal fault component cannot be activated, that is
called Dead Zone. The proposed dead zone component (13) can be met
in that case, and the protection still operates correctly. For the other
faults in the table, the internal fault component is activated, and the
protection operates correctly. Therefore, it is justified that the proposed
protection can cover the whole protected line.

5.1.2. Faults with resistance

On the aspect of sensitivity, the influences of fault distance are
evaluated. Pole-to-pole faults with fault resistances at the midpoint of
MN Line were simulated to test the proposed protection. The test results
are shown in Table 4. For the faults with the resistance from 0.1 to
50 Q, the internal fault component can be activated, and the protection
operates correctly. It should be noticed that the fault resistance does not
reduce the sensitivity of the protection. There are two reasons for this.
One reason is that both the fault current and the LDC current decrease
as the fault resistance increases. The proposed protection is based on
their ratio. The other reason is that the fault resistance decreases the
speed of the start-up component. The increase in the fault resistance
causes the data window of the internal fault component to move
backward, which might increase the sensitivity of the protection.

Table 3

Test results under different fault distance.
Fault distance E1/(A%s) En/(A%s) E/Ey Behavior
0% 32161.48 145711.43 0.22 DZ OP
10% 164675.18 996.46 165.26 IF OP
20% 95102.63 215.03 442.27 IF OP
40% 57570.12 100.77 571.28 IF OP
50% 49902.70 98.17 508.30 IF OP
60% 45104.88 69.47 649.27 IF OP
80% 38808.00 77.01 503.95 IF OP
90% 37187.95 76.65 485.14 IF OP
100% 35661.83 57.07 624.85 IF OP

Notes: DZ OP represents that Dead zone component operates; IF OP represents
that internal fault component operates. The fault distance is calculated from M
terminal, and 100% represents the whole MN Line.
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Table 4 Table 6

Test results under internal faults with resistance. Test results under external faults with noise.
Fault resistance Ei/(A%s) Eq/(A%s) E/Ey Behavior SNR E/(A%s) Ey/(A%s) Ei/Ey Behavior
0.1¢ 45363.21 93.71 484.10 IF OP 60dB 1.24 130.74 0.010 No trip
20 14011.05 50.39 278.06 IF OP 50dB 1.21 131.34 0.009 No trip
50 6833.20 30.56 223.62 IF OP 40dB 1.14 135.56 0.008 No trip
10@ 3301.18 4.44 742.83 IF OP 30dB 1.41 151.83 0.009 No trip
15 1950.09 1.84 1060.25 IF OP 20dB 3.39 377.90 0.009 No trip
20¢ 1292.13 0.77 1681.90 IF OP
30¢ 689.66 0.14 4929.89 IF OP
400 427.15 0.17 2450.84 IF OP on the measurements of the external fault whose current has been
500 286.52 0.35 811.01 IF OP

- (a) Original signal 0-25 kHz

-0.5
0.1

(b) Low-frequency 0-1.56 kHz

0.1 : : : : :
051 (¢) High-frequency 1.56-25 kHz
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Fig. 9. Differential current during external pole-pole fault.

5.2. External pole-to-pole faults

5.2.1. External faults

A pole-to-pole solid fault was located at the outlet of the adjacent
line, which is an external fault for the protection of MN Line. The
protection is not expected to operate. The differential current of MN
Line is shown in Fig. 9. The low-frequency energy is 1.23 A%s, and the
high-frequency energy is 130.65A%s. The ratio of low-frequency to
high-frequency is 0.01, which is far less than 1. Neither the internal
fault criterion (12) nor the dead zone component (13) can be met. The
differential current mainly contains the LDC currents. The protections
do not trip.

The external faults with resistance also are tested to assess the se-
lectivity of the protection, as shown in Table 5. Though, the energy of
high-frequency decreases following the increase of the fault resistance,
it is still larger than the low-frequency energy during the external faults.
For the external faults with the resistances from 0.1 to 50 Q, the pro-
tections of MN do not trip. The external faults cannot cause the mal-
operation of the proposed protection, which shows excellent reliability.

5.2.2. Influence of noise
On the aspect of the reliability, the white noise was superimposed

Table 5

Test results under external faults with resistance.
Fault resistance Ei/(A%s) En/(A%s) E;/Ey Behavior
0.1e 1.09 119.96 0.01 No trip
20 0.53 38.95 0.01 No trip
5q 0.50 15.41 0.03 No trip
10 0.44 6.36 0.07 No trip
15¢ 0.36 3.46 0.11 No trip
20¢ 0.29 2.14 0.14 No trip
300 0.18 0.96 0.18 No trip
400 0.11 0.50 0.21 No trip
50 0.06 0.29 0.21 No trip

shown in Fig. 9. The results with noises are shown in Table 6. Because
the noise is a high-frequency signal that is a brake component for the
proposed protection, the noise cannot cause maloperations during ex-
ternal faults in principle. As Table 6 shown, the high-frequency energy
increases with noise, which improves the reliability of the protection
during external faults. The protection can withstand the interference of
noise up to 20 dB.

5.2.3. Influence of synchronisation error

The synchronisation methods [36] generally used for differential
protection involve the ping-pong scheme and the GPS method. The
synchronisation error of the ping-pong scheme is related to the time
delay difference between the receiving and transmitting channels,
which is relatively small for a point-to-point optical-fibre channel. The
synchronisation error of the GPS method is within 2 ps [37].

The synchronisation error will lead to the error of the differential
current, which affects the performance of the proposed protection. The
test results under synchronisation errors are shown in Table 7. The
synchronisation errors were superimposed on the external solid fault,
and the protection is not expected to trip. As shown in Table 7, the
protection does not trip in mistake if the synchronisation error is less
than 40 ps, which is generally met for the GPS method. For the ping-
pong scheme, in the distribution network, the time delay difference
between the receiving and transmitting channels is generally less than
40 ps in the case of point-to-point optical-fibre.

For situations where the synchronisation error is huge, the mal-
operation of the protection can be prevented by increasing the
threshold of E;/Ey, which might reduce the sensitivity of protection.

5.2.4. Influence of line length

To indicate the effectiveness of the proposed protection for the
different line parameters, the test results under different line lengths are
shown in Table 8. In these tests, a solid fault is located at the middle of
the protected line for these internal faults, while a solid fault is located
at the outlet of the next line for these external faults. From these results,
under different line lengths, the protection always has its good sensi-
tivity and reliability to the setting of E; /Ey that is set as 1.

5.3. Pole-to-ground faults

A positive-pole-to-ground fault was located at the midpoint of MN at
0 ms. Because of the grounding style of the DC system, the pole-to-
ground faults cannot cause severe overcurrent, and the DC system can
keep operating to enhance the supply reliability. As shown in Fig. 10,
the voltage of the positive pole (fault pole) decays, and the absolute

Table 7

Test results under synchronisation error during an external fault.
Synchronisation error E /(A%s) Eyn/(A%s) E;/En Behavior
20 us 7.30 109.25 0.067 No trip
40 ps 18.93 49.77 0.381 No trip
60 ps 38.36 0.42 91.857 maloperate
80 us 67.32 51.67 1.303 maloperate
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Table 8
Test results under different line lengths.
Line length Fault location E/(A%s) Eq/(A%s) E;/En Behavior
1km Internal 177,101 943.60 187.69 IF OP
1km External 0.0623 8.76 0.0071 No trip
3km Internal 74,195 118.11 628.20 IF OP
3km External 0.1485 100.42 0.0015 No trip
6 km Internal 43,680 64.27 679.67 IF OP
6 km External 1.60 130.04 0.01 No trip
8km Internal 34,758 67.79 512.71 IF OP
8km External 1.42 138.27 0.01 No trip
10 km Internal 29,303 78.19 374.79 IF OP
10km External 2.33 147.15 0.02 No trip
151 ",
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Fig. 10. Pole voltage during pole-ground fault.

value of the negative pole voltage (non-fault pole) increases. The fault-
type criterion (10) cannot be met. The proposed protection does not
maloperate during pole-to-ground faults.

5.4. Protection operation time

The operation time of the protection involves algorithm time and
communication time. In terms of algorithm time, the data window
length of the algorithm is 2 ms, and the calculation time generally does
not exceed 0.5ms using the current DSP (Digital Signal Processing)
[38]. For communication time, if the dedicated fibre channel is
adopted, the transmission speed of the data is about 4.9 us/km, and, the
transmission time of the channel is about 0.1 ms for lines of 20 km. With
the above time and some delay, the operation time of the proposed
protection is within 3 ms.

6. Discussion

The new current differential protection is proposed, which is based
on the frequency instead of the magnitude in time-domain. The pro-
posed protection will be compared to the conventional current differ-
ential protection (CCDP) as follows.

The criterion of CCDP [8], which is applied in the Xinsong-Dong-
fang + 800 kV HVDC system, is shown as:

lim + inl > 0.05XI,
lim + inl > 0.1 X liyy — ixl 21

For the internal faults, both the CCDP and the proposed protection
can correctly operate. However, for the external faults, the proposed
protection has better performances than the CCDP.

An external solid fault is located at the outlet of the adjacent line,
for which the protections are not expected to operate. As Shown in
Fig. 11(a), at the initial stage of the fault, the differential current, which
is mainly the current of LDC, exceeds the brake current. Therefore, a
time delay is necessary to the CCDP. It should be noticed that the time
delay increases sharply with the growth of the length of the protection
line. As shown in Fig. 11(b), when the protected line is 10 km, the time
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Fig. 11. Performance of CCDP under external fault. (a) Protected line is 5 km;
(b) Protected line is 10 km.

delay of the CCDP is at least 4 ms. It is also the reason that the CCDP is
generally adopted as a back-up protection.

The proposed protection has a data window with a fixed length,
which guarantees the operation time within 3 ms. The proposed algo-
rithm improves the performance of current differential protection, and
is a potential primary protection.

The disadvantage of the proposed protection is the near-end dead
zone for the internal fault criterion. The dead zone criterion has been
proposed to assist the protection in handling near-end faults.

In the future research, the problem of the near-end dead zone
should been further researched. Additionally, the artificial intelligence
such as some heuristic methods can be introduced to select the suitable
candidate of mother wavelet.

7. Conclusion

The protection technique is crucial to the safety and reliability of
VSC-DC distribution systems. Aiming at the shortcoming of the current
differential protection, the paper proposes an idea to identify faults
with the frequency-domain information of the differential current in-
stead of its magnitude in time-domain. The features of the proposed
protection is shown as follows:

(1) Regarding speed, the protection can trip for internal faults in less
than 3ms.

(2) Regarding selectivity, the protection can cover the whole line, and
does not maloperate for external faults.

(3) Regarding reliability, the LDC current is the brake component for
protection instead of the maloperation component. The protection
can tolerate 20 dB of noises and 40 ps of synchronisation error.

(4) Regarding sensitivity, the protection can correctly operate under
fault resistance up to 50 c.

The main contributions of this paper are described as:

(1) The frequency-based current differential protection is proposed,
which is immune to the LDC current thoroughly and can resist the
interference of noises.

(2) A method is proposed to select a suitable mother wavelet for the
DWT.

(3) A dead zone criterion is proposed to assist the protection in hand-
ling near-end faults.

The proposed protection can meet the speed and selectivity re-
quirement, which is the candidate of a primary protection for the VSC-
MVDC distribution systems.
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