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In the research, a protection scheme for hybrid multiterminal UHVDC lines based on the
CEEMDAN and Teager energy operator is proposed. The fault direction criterion is
proposed according to the polarity difference of the sudden variable of the mode
component of the current line on both sides of the T-zone after the fault of the EHV
multiterminal hybrid DC system. When the fault is located on the left or right side of the
T-zone, CEEMDAN is used to decompose the mode component of the fault transient
current and obtain the intrinsic mode function (IMF component) at different local
characteristic time scales. Then, the Teager energy operator is used to calculate the
instantaneous energy of the current high-frequency IMF1 component. Finally, the faults
inside and outside the line are judged by comparing the maximum value of current high-
frequency IMF1 instantaneous energy with the setting value. When the fault is located in the
T-zone, it is determined as a fault outside the line zone. The protection scheme of hybrid
multiterminal UHVDC lines is given. The simulation model of the Kunliulong hybrid
multiterminal UHVDC line system is built in a PSCAD/EMTDC simulation platform, and
the proposed protection method is verified. A large number of simulation results show that
the protection scheme has certain anti-transition resistance ability and high reliability.

Keywords: hybrid multiterminal UHVDC system, line protection, CEEMDAN, Teager energy operator, PSCAD/
EMTDC simulation

INTRODUCTION

The hybrid multiterminal UHVDC system integrates the traditional grid commutated
converter-based high voltage direct current (LCC-HVDC) and modular multilevel flexible DC
transmission system (MMC-HVDC) with the advantages of large transmission capacity, low
transmission losses, and low cost; the receiving end can supply weak AC systems and passive
systems, and there is no phase change failure, flexible operation, etc. The long-distance, large-
capacity transmission has a wide range of application prospects (Zheng et al., 2016; Tian et al., 2021;
Chen et al., 2019).

The development of a hybrid multiterminal UHVDC system faces many technical challenges, and
DC line protection is one of the important technical challenges (Li et al., 2019). At present, traditional
DC transmission line main protection generally uses traveling wave protection, under voltage
sensing protection, etc. The traveling wave protection has fast action speed but poor transition
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resistance and anti-interference ability, and it is easy to refuse to
move in case of high-resistance ground fault (Boussaadia, 2019; Li
et al,, 2016). There is an adaptability problem when applying the
traditional DC line protection to the hybrid multiterminal
UHVDC line protection. For the line protection of hybrid
multiterminal UHVDC systems, domestic and foreign experts
have conducted relevant studies. Gao et al. (2021) studied the
T-zone protection of multiterminal hybrid DC transmission lines
and constructed the T-zone protection criterion using the mode
mutation of the current line and Hausdorff distance algorithm on
both sides of the T-zone; Wang et al. (2019) calculated the
analysis of traveling wave protection for flexible DC networks,
but the analysis method is very computationally intensive; Lin
et al. (2020) constructed the fault direction criterion based on the
difference between the amplitude of the forward and reverse
traveling waves at the near ends of the converter station on both
sides. However, this method requires accurate detection of the
first wave head of the traveling wave, and the transition resistance
needs to be improved; Li Haifeng et al. (2019) used the
attenuation of the low-frequency component of the fault
transient current in the T-zone to construct a directional
criterion for fault area discrimination in parallel-type
multiterminal hybrid DC lines and discriminate the fault
location, but in the wavelet transform, the decomposition
gradient of the signal sampling frequency needs to be set in
advance before the analysis so that it cannot fully reflect the
information of the signal itself followed by the pre-selection of the
wavelet change basis function, so the resulting error directly
affects the correct analysis of the signal itself (Toyoda and
Wu, 2021).

The CEEMDAN algorithm is a complete ensemble empirical
mode decomposition with the adaptive noise algorithm, which is
widely used in the field of mechanical fault diagnosis, and the
algorithm achieves complete decomposition of the signal by
adding zero-mean Gaussian white noise to the original signal;
Wang and Shao (2020) and Vanra et al. (2017) used complete
ensemble empirical mode decomposition with adaptive noise
(CEEMDAN) to extract the fault characteristic signal of faulty
rotating machinery; the decomposition method has better
decomposition effect than the traditional method, does not need
to select the basis function, and is subject to less interference; domestic
experts have combined the CEEMDAN algorithm with other
algorithms to apply in the fields of harmonic detection, ultrashort-
term load prediction, etc. Ren et al. (2017) used the CEEMDAN
algorithm and Teager energy operator for harmonic signal detection;
Li and Li, (2015) combined the CEEMDAN algorithm, alignment
entropy, and leakage integral echo state network (LIESN) method for
load prediction; Gao et al. (2020) used the Teager energy operator to
calculate the transient energy magnitude of transient voltage of DC
lines to construct the longitudinal protection criterion to improve the
reliability and quick action of the protection, (He et al., 2020) but the
method directly uses the value of the outer voltage of the flat-wave
reactor, and the protection may be misactivated when there is an
error in the measurement.

This study combines two algorithms, the CEEMDAN
algorithm and the Teager energy operator, for DC line fault
diagnosis. The protection principle is simple and is constructed

CEEMDAN-Teager Energy Operator

using the attenuation characteristics of boundary elements to
high-frequency quantities of faults. Compared to the time
domain-type protection, the method is a frequency
domain-type protection, which improves the quick-action and
high reliability of the UHV multiterminal hybrid DC line
protection. The method uses CEEMDAN to completely
decompose the fault transient current signal, accurately extract
the high-frequency component of the fault current, calculate the
fault high-frequency component amplitude using the simplicity
and speed of the Teager energy operator algorithm, and thus
determine the fault location.

In this study, we propose a protection scheme based on the
CEEMDAN-Teager energy operator for hybrid multi-terminal
UHVDC lines. There is an analysis of the attenuation
characteristics of fault transient current signals at the rectifier
side boundary and the inverter side boundary at the end of the
line for ultrahigh voltage multiterminal hybrid DC transmission;
the fault direction is discerned according to the polarity of the
sudden change in the mode component of the fault current line
on both sides of the T-zone; the maximum value of the
instantaneous energy of the high-frequency component of the
fault transient current is used to construct the in-zone and out-
zone criterion to discern the fault inside and outside its zone.
Finally, the PSCAD/EMTDC simulation platform is used to build
the UHV multiterminal hybrid DC transmission model, and
MATLAB is used to write the protection algorithm for
verification. The extensive simulation results show that the
proposed protection method has good reliability.

INTRODUCTION TO THE TOPOLOGY OF
THE HYBRID MULTITERMINAL UHVDC
SYSTEM

The topology of the Kunliulong hybrid multiterminal UHVDC
system is analyzed, which adopts the traditional type line-
commutation converter (LCC) and full half-bridge modular
multilevel converter (FHMMC) for the converter station
(FHMMC) (Le et al., 2021; Zhu et al, 2020), where the
sending end of the converter station uses the LCC-type
converter, the receiving end used the FHMMC-type converter,
the system’s transmission lines are overhead lines, its voltage level
of the system is +800 kV, and line 1 length and line 2 length are
marked according to the actual and the system’s topology and
fault location, respectively, as shown in Figure 1.

ANALYSIS OF BOUNDARY FREQUENCY
CHARACTERISTICS OF THE HYBRID
MULTITERMINAL UHVDC SYSTEM

The boundary of the conventional DC transmission system and
flexible DC transmission system is symmetrical structure. The
boundary of the rectifier side and the boundary of the inverter
side at the end of the line of the Kunliulong hybrid multiterminal
UHVDC system are asymmetrical, so the frequency
characteristics of the boundary of the rectifier side and the
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FIGURE 2 | Rectifier-side boundary elements.

frequency characteristics of the boundary of the inverter side at
the end of the line need to be analyzed separately.

Frequency Characteristics of the Boundary

of the Rectifier Side
The rectifier-side line boundary of the Kunliulong hybrid
multiterminal UHVDC system comprises both the DC filter
and smoothing reactor, and the rectifier-side line boundary of
this system is shown in Figure 2 (Chen et al., 2013; Yang et al,,
2018; Yang et al., 2019; Yang et al., 2021b).

The rectifier-side line transfer function of the Kunliulong hybrid
multiterminal UHVDC system is defined as G (jw); from the
circuit theory, it can be introduced that G; (jw) is as follows:

_L(jo) _ Zi(jo) + Z, (jo)

G (jw) = 1, (jo) T 27, (jw) + Z, (jw) W

1Gi(j)|

I —

0 . . .

10' 10° 10° 10*
f/Hz

FIGURE 3 | Frequency characteristics of transfer function of the rectifier
side of the boundary.

The Z, (jw) in the formula is the impedance of the DC filter;
Z,(jw) is the impedance of the smoothing reactor. Smoothing
reactor parameters: Ly = 300mH; DC filter parameters: C; = 2uF;
Ly = 11.773mH; L, = 10.266mH; C, = 3.415uF; L3 = 4.77mH;
and C; = 11.773pF; when they are brought into Eq. 1, we can
get the amplitude frequency characteristics of transfer function of
the rectifier side of the boundary shown in Figure 3.

As can be seen from  Figure 3, when
OHz< f <100Hz |G, (jw)l~ 1;  when  100Hz< f < 192Hz,
|Gy (jw)|>1; when f =102Hz, ., f =673Hz, and f = 854Hz,
|Gy (jw)| takes a great value; and when the frequency f >1000Hz,
|G1 (jw)|= 0.5. It can be seen that the rectifier side of the boundary
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FIGURE 4 | Inverter-side boundary at the end of the line.

has a significant attenuation characteristic on the high-
frequency components of the fault transient fault current
signal. When a fault occurs on the outside of the rectifier
side, the high-frequency component of the fault current signal
needs to go through the dual attenuation of the rectifier side of
the boundary and line 1 to reach the installation protection Al.
Therefore, the high-frequency component of the fault signal
detected by protection A1l has small amplitude; when the fault
occurs in line 1, the fault current signal high-frequency
components only need to go through the attenuation of line
1 to reach the installation protection Al, so protection Al
detects a larger high-frequency component energy of the
transient fault current. Therefore, based on the size of the
high-frequency component energy of the fault current signal
detected by protection Al, we can discriminate faults inside
and outside on the left side of the T-zone.

Inverter-Side Boundary Frequency

Characteristics at the End of the Line

The Kunliulong UHV multi-end hybrid DC transmission system
is equipped with a smoothing reactor at the end of the
transmission line, and there is ground capacitance to the
ground, so it is proposed to use a section of overhead line
ground capacitance and smoothing reactor at the end of the
line to form the inverter side boundary at the end of the line, and
the boundary components are shown in Figure 4.

The transfer function of the inverter side boundary at the end
of the line is defined as G,, which can be introduced by the circuit
theory as follows (Song et al., 2020; Yang et al., 2022; Yang et al.,
2021¢; Yang et al., 2021a):

) = L(jw) _ Zi(jw) + Z, (jw)

G0 =1, (jo) = 221 (ja) + 22 (ja)

2

Z, (jw) is a section of overhead line impedance to the ground,
Zi (jw) = ﬁU%L’ Cy, is a section of the overhead line to ground
capacitance, Z, (jw) is the impedance of the smoothing reactor
Ld2, and Z,(jw) = jwLg; substituting Cp = 0.1uF, Ly, =
150mH into Eq. 2 vyields the amplitude-frequency
characteristics of the inverter-side boundary transfer function

at the end of the line as shown in Figure 5.

CEEMDAN-Teager Energy Operator

From Figure 5, the transitory current transfer function
|G, (jw)| at the inverter side boundary at the end of the line
has high resistance to the high-frequency component of the fault
transient current; when in the DC and low-frequency band
OHz < f <400Hz, |G, (jw)| = 1; when 400 Hz < f < 1050 Hz,
|G, (jw)|>1; and when f>3kHz, |G, (jw)|= 0.45. It can be
seen that the inverter side of the boundary of the line end
on the fault current high-frequency signal has a strong
attenuation characteristics. When the fault occurs outside
the inverter side area of the line section, the fault current
signal high-frequency component after double attenuation of
the line end inverter-side boundary and line 2 reaches the
installation protection A2, and the high-frequency component
energy of the fault current signal detected by protection A2 is
less; when the fault occurs in line 2, fault current high-
frequency signal only after the attenuation of line 2 can
reach the installation protection A2, and the high-frequency
component energy of the fault current signal detected by
protection A2 is less. Based on the size of the high-
frequency component energy of the fault current detected
by protection A2, the fault can be discerned inside and
outside the right side of the T-zone.

PRINCIPLE OF THE CEEMDAN-TEAGER
ENERGY OPERATOR ALGORITHM

Basic Principle of the CEEMDAN Algorithm
The CEEMDAN algorithm is improved on the basis of EEMD,
which effectively solves the modal mixing phenomenon of EMD
and also avoids the problem of unequal number of IMFs after
each EMD decomposition in EEMD and CEEMD so that the
reconstructed signal is almost identical to the original signal. The
algorithm, compared with wavelet decomposition, does not
require the selection of basic functions and can achieve

4 ; ; ;
3 - -
—
3 L i
= 2
©
1 ]
0 I1 I2 I 3 I4 5
10 10 10° 10 10
f/Hz
FIGURE 5 | Amplitude—frequency characteristics of the inverter-side
boundary transfer function at the end of the line.
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complete decomposition of the signal, which is suitable for the
processing of nonlinear and nonstationary signals. The specific
steps of the algorithm are as follows (Colominas et al., 2013; Wu
et al., 2021; Zhang et al., 2021).

(1) -1 is defined as the adaptive coefficient in solving IMF,
w' (n) as the ith addition of zero-mean white noise, and Ex (-)
and IMFk as the k™ modal component obtained by the
decomposition of EMD and CEEMDAN  algorithms,
respectively. The noise component guw' (n) is added to the
original signal x(#n) and then the EMD decomposition is
performed, and the first IMF component IMF1(n) is
decomposed by adding noise for the ith time:

IMFL (n) = %ZLIIMFlf(n). 3)

(2) The first-order residuals of CEEMDAN are calculated:

r1 (n) = x (n) — IMF1 (n). (4)

(3) After adding adaptive white noise & E;(w'(n)) to the
residual r;(n) shown in Eq. 3, EMD decomposition is
performed to obtain the second-order IMF component
IMF2 (n):

ME2() =, YL B (r () + By (@) (9)

(4) Steps (2) and (3) are repeated to obtain the k™ residual signal
re(n) and (k+1)* order IMF components IMFk + 1 () as
shown in Eqs 6, 7.

ri (n) = ry (n) — IMFk (n). (6)

Mk 1) = 5 Y0 By () + e (0 (). ()

(5) Step (4) is repeated until the end of the residual signal ry (n) is
not available for EMD decomposition.

The CEEMDAN algorithm finally decomposes the k IMF
components with a final residual of R (n):

R(n) = x(n) - Y IMFK(n). @®)
The original signal x (n) is as follows:
x(n) =Y IMFk(n) + R (). ©)

From Eq. 9, the CEEMDAN algorithm decomposes the
original signal into a series of IMF components with
instantaneous frequencies ranging from high to low and one
residual to achieve complete decomposition of the signal by
adding zero-mean white noise.

Teager Energy Operator
The Teager energy operator is a nonlinear difference operator,
and compared with the traditional energy operator,

CEEMDAN-Teager Energy Operator

instantaneous energy of the Teager energy operator is
related to both amplitude and frequency, with obvious local
characteristics, which can quickly perform DC line fault
analysis.

The Teager energy operator for the nonlinear signal «(t) is
defined as in the study by Karimian and Hosseinian, (2020):

yla()] = (t) - a(t)a(t), (10)

wherea (t) and p (t) are the first-order derivative function and the
second-order derivative function of the signal (t), respectively.

When the signal is discrete, the Teager energy operator is
defined as

v, la(d)] =) —a@i - Da+1). (11)
The relationship between y and vy, is as follows:
i—1
yla(o) = D] (12)

where T is the sampling period.

Extraction of High-Frequency Transient
Energy of Fault Current Based on the

CEEMDAN-Teager Energy Operator

The CEEMDAN algorithm can achieve complete decomposition
of the fault current signal, and the IMF components are arranged
in the order from highest to lowest frequency band, that is, 2 has
the highest frequency band. When the frequency of IMF1 () is
greater than the attenuation frequency of the boundary, the
occurrence of out-of-zone fault, the IMF1 component through
the double attenuation of the line boundary and the line to reach
the protection device installation, and the protection device to
detect the fault transient current IMF1 component of the energy
is smaller; on the contrary, the discovery of the in-zone fault, the
component only through the line attenuation to reach the
protection installation, and the energy of the high-frequency
component IMF1 of the fault transient current detected by the
protection device is larger.

Therefore, the DC transmission line protection can be
constructed based on the energy magnitude of the high-
frequency IMF1 (n) component of the fault transient current.

The steps to extract the high-frequency transient energy of the
fault transient current based on the CEEMDAN-Teager energy
operator are as follows:

(1) The fault current signal is obtained and decoupled using
phase mode transformation, and the fault current line mode
component is obtained.

(2) The mode components of the fault current line obtained in
step (1) are decomposed using CEEMDAN to obtain the kth
IMF components.

(3) The instantaneous energy of the high-frequency IMF1 (n)
component of the fault transient current is calculated using
the Teager energy operator.

(4) The rectified value and maximum value of the instantaneous
energy of the high-frequency IMFI(n) component of the
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fault transient current are compared to discriminate the fault
location. When the maximum value of the transient energy of
the high-frequency IMF1(n) component of the fault
transient current is greater than the value of the
rectification, the fault is judged to be within the zone;
conversely, the fault is judged to be outside the zone.

HYBRID MULTITERMINAL UHVDC LINE
PROTECTION SCHEME

Protection Triggering Criterion

When the DC line fault occurs, the voltage amplitude of the line
on both sides of the T-zone changes (Li et al., 2021), the
amplitude of the transient voltage can be used as the
triggering criterion; in order to improve the protection
sensitivity, the side of line with large voltage fluctuation on
both sides of the T-zone is selected as the triggering criterion;
the triggering criterion is as follows:

max (|Au], |Auz]) > Ky, (13)

where Auy, Au, represent line voltage change line 1 and line 2,
respectively; a Ka, = 0.2U,fr ; Uy.s for line mode voltage of
normal operation is required in order to prevent frequent false
starts of protection; when max(|Au|,|Au,|) for three
consecutive points is greater than the start value, protection is
triggered.

Protection Direction Criterion

When a fault occurs in the DC line, it is necessary to judge the
direction of the fault, and the DC current has definite size and
direction (Liu et al., 2020; Muniappan, 2021). For the Kunliulong
hybrid multiterminal UHVDC system, under working condition,
DC current always flows from Kunbei converter station to Liubei
converter station and Longmen converter station, and the
specified current reference direction is the bus pointing to the
line, as shown in Figure 1.

When the fault occurs on the left side of the T area, the
Kunbei-side LCC converter station, the Liubei-side converter
station MMC1, and the Longmen-side converter station
MMC2 all inject short-circuit current into the short-circuit
point; at this time, for protection A1, fault current direction is
positive, and protection Al detects the current increase; for
protection A2, the fault current is opposite to the reference
direction, so the fault current direction detected by protection
A2 is negative, and the current detected by protection A2
becomes smaller; Similarly, when the fault occurs in the right
side of the T-zone, protection A1 detects a decrease in current
and protection A2 detects an increase in current; when the
fault occurs in the T-zone, both protection Al and protection
A2 detect a decrease in current. When the fault occurs in the
T-zone, both protection Al and protection A2 detect a
decrease in current.

Analysis of the fault occurred at simulation fjur, finrn, and
four2> respectively, that is, simulation of the fault occurred at the
left side of the T-zone, the right side of the T-zone, and within the

CEEMDAN-Teager Energy Operator
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FIGURE 6 | Mode component mutation of the fault current line.

T-zone; mode component mutation amount of the fault current
line detected by protection Al and protection A2 is shown in
Figure 6.

As can be seen in Figure 6, when the left side of the T-zone
is fault, protection A1l detects the mode component mutation
Aiy; of the fault current line in line 1 and is positive,
protection A2 detects the mode component mutation Ai,;
of the fault current line in line 2 and is negative; when the
right side of the T-zone is fault, protection Al detects the
mode component mutation Ai;; of the fault current line in
line 1 and is negative, protection A2 detects the mode
component mutation Aip; of the fault current line in line 2
and is positive; when the T-zone is fault, protection A1 detects
the mode component mutation Ai;; of fault current line in
line 1 and is negative, protection A2 detects the mode
component mutation amount Aiy; of fault current line in
line 2 and is negative; Therefore, the construction fault
direction criterion is as follows:
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K,>0,K,<0 T — zone left side failures
K, <0,K,>0 T — zone right side failures, (14)
K, <0,K,<0 failures in T — zone

where K, indicates the integral of the change in the mode
component of the current line at the end of line 1 calculated
by protection Al over the time window.

K, denotes the integral over the time window of the change in
the mode component of the current line at the first end of line 2
calculated by protection A2. The calculation formula of k1 and k2
is as follows:

K, = zz*"“ Aigy (fo + nAt), (15)

where “x” is taken as 1 or 2, Ai;;, Ai2.1 are mode change

amount of the current line at the end of line 1 and the first end

of line 2, ty is the initial moment of the fault, At is the

sampling interval, and nAt indicates the length of the time
data window.

In- and Out-of-Zone Fault Criterion

After achieving fault direction discrimination, it is also necessary
to determine whether the fault occurs in the protection range.
When the fault is located in the left side of the T-zone, protection
Al is required to determine the location of the fault; if the fault is
located in line 1, protection Al acts. If the fault is located outside
the rectifier side area, protection Al does not act; when
discriminating the fault located in the right side of the T-zone,
protection A2 is required to determine the location of the fault,
when the fault is located in line 2, protection A2 acts; when the
fault is located outside the inverter side area at the end of the line,
protection A2 does not act; when the fault is located in the
T-zone, this type of fault belongs to the line outside the fault area;
hence, protection Al and protection A2 do not act.

CEEMDAN-Teager Energy Operator

In- and Out-of-Zone Fault Criterion for the Left Side of
the T-Zone

Section 2.1 analysis results show that the rectifier side boundary
has strong attenuation characteristics for the high-frequency
component of the fault current. When the fault is located in
the left side of the T-zone, the rectifier-side boundary is used to
discern the fault location for the attenuation characteristics of the
high-frequency component of the fault transient current. When
the fault is located in line 1, the high-frequency signal of the fault
current only needs to go through the line attenuation, so the high-
frequency component transient energy of the fault current signal
is larger; when the fault is located outside the rectifier-side zone,
the high-frequency signal of the fault current needs to go through
the double attenuation of the rectifier-side boundary and line 1,
and the high-frequency component transient energy of the fault
current signal is smaller. In order to improve the sensitivity of the
protection, the maximum value of the high-frequency component
transient energy of the fault current signal is extracted to
construct the protection criterion, so the construction of the
left side of the T-zone inside and outside the zone fault criterion is
as follows:

Tl > Tsetl
Tl < Tsetl

Fault inside the left the T — zone

Fault outside the left the T — zone ’ (16)

where T, is the maximum value of the instantaneous energy of
the high-frequency component of the fault current calculated by
protection Al, and T’ is the rectification value of protection Al.
In order to reliably distinguish between the left side of the T-zone
inside and outside the zone fault, the value should be selected in
accordance with the most serious fault situation X. The principle
of the rectification is that high-resistance ground fault occurs at
the head-end of line 1 to avoid metallic ground fault outside the
rectifier side area. Therefore T, is as follows:

Tsetl = Krel X Tmax _outl> (17)

where K,,; is a reliable coefficient, K, take 1.5, and T max our1 18
the maximum value of the instantaneous energy of the high-
frequency component of the fault current when a metal ground
fault occurs on the outside of the rectifier-side smoothing reactor.
Through simulation experiments, it is calculated that Ty is
1.82 x 10°. When the fault is located in the left side of the T-zone,
using Eq. 16 can accurately discern the fault in the left side of the
T-zone; when the fault is located outside the left side of the
T-zone, protection Al does not act; and when the fault is located
in the left side of the T-zone, protection Al acts.

Internal and External Faults in the Right-Hand Area of
the T-Zone

Section 2.2 analysis results show that the inverter side boundary
at the end of the line also has a strong attenuation effect on the
high-frequency signal of the fault current. Similarly, the
attenuation characteristics of the high-frequency component of
the fault current from the inverter side boundary at the end of the
line are used to discriminate between internal and external faults
in the right-hand side of the T-zone. Fault judgment inside and
outside the right side of the T-zone is as follows:
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TABLE 1 | Main parameters of the simulation system.

Converter station Kunbei converter station

CEEMDAN-Teager Energy Operator

Liubei converter station Longmen converter station

Rated power 8,000 MW 3,000 MW 5,000 MW
Rated voltage 800 kV 800 kV 800 kV
Rated current 5 KA 1.875 kA 3.125 kKA
Flat-wave reactor 300 mH 150 mH 150 mH
A .g S -4000 T T T T T T T =]
10 —_— - N . . , , , , , i
5 & % -8000
Iy 8T 7 —
2 E 500| T T T T T T T |
>< 6 - o = -SOOr 1 1 1 1 1 1 1 j
D 4 r 1 E 2001 T T T T T T L
2 ) ) ) ) ) ] ) ) ) = _200I 1 1 1 1 1 1 1 I
1 1.001 1.002 1.003 1.004
ts E 500[ T T T T T T T ‘{
. . 500 ! ! f . ’ ’ ’
DC line voltage ofline 1
B 10 ; ; ; ; : : : . . % 500— T T T T T L—
> _500| 1 1 1 1 1 1 1 |
i~ L H
=208
2 500 T T T T T T T 44]
% 6 o 1 E -500 L 1 L T T T |
~ 1 1.001 1.002 1.003 1.004
D 4r ] y
S
) . . . . . . . . . -
1 1.001 1.002 1.003 1.004 FIGURE 10 | Decomposition results of CEEMDAN
t/s

DC line voltage ofline 2

FIGURE 8 | Voltage of DC lines.

15t

AiX10YA
o

MF
wn

S

L

]

-

|

|

FIGURE 9 | Sudden change amount of the fautt current line mode component.

Fault inside the right the T — zone

TZ > Ts2t2 ( 1 8)
Fault outside the right the T — zone ’

T2 < Tset2

0
L NN
> —- Aiy,y
v 400
0- i E O M 1 1 1 1 1 1 1 1 1
Sr . b 0 2 4 6 8 10
\ - SX10VHz
-10t - j
\ ~ FIGURE 11 | Frequency spectrum of CEEMDAN modal components.
15 . . . . . . . . .
1 1.001 1.002 1.003 1.004
s where T, is the maximum value of the transient energy of the

high-frequency component IMFI1 (n) of fault transient current
calculated by protection A2, and T\, is the rectification value of
the protection A2. In order to reliably distinguish between the
right side of the T-zone inside and outside the zone fault, T,
should be selected in accordance with the most serious fault
situation. The principle of the rectification is that high-resistance
ground fault occurs at the head-end of line 1 to avoid metallic
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ground fault outside the rectifier side area. Therefore T, is
calculated as follows:

TsetZ =K X Tmax _out3> (19)

where K, is the reliability factor, taken as 1.5; and Tmax _ou3 is the
maximum value of the instantaneous energy of the high-frequency
component of the fault when a metal ground fault occurs on the
outside of the inverter-side flat-wave reactor. Through simulation
experiments, it is calculated that T is 9.834 x 10°. When the fault
is located in the right side of the T-zone, Eq. 18 can be used to
discern the fault in the right side of the T-zone. When the position is
located within the right side of the T-zone, protection A2 is operated,
and when the fault is located outside the right side of the T-zone,
protection A2 is not operated.

Criterion of Fault Pole Selection

When judging the fault within the left side of the T-zone or within
the right side of the T-zone, in order to make the protection act
accurately on the fault pole and ensure normal operation of the
non-fault pole, the fault pole discrimination is required, and the
fault pole criterion is defined as follows:

P>1.5 positive pole fault
0.8<P <15 double pole fault. (20)
P<0.8 negtive pole fault

P is the pole selection factor, and the calculation formula is as
follows:
i |Aip (i
p= 2l Ol @1
25 iy (0]
where Aip (i) and Aiy (i) are the positive and negative current
change, respectively; and N is the number of current sampling
within 4 ms; when the fault initiating element is activated, the
sampling starts.

CEEMDAN-Teager Energy Operator

Protection Flow
The protection device starts when the start-up criterion of any of the

protection installations on both sides of the T-zone is satisfied. The
current data of the 2-ms time window of the line on both sides of the
T-zone are taken and decoupled after phase mode transformation
and then polarity of the mode component change of the fault current
line is calculated, and fault direction discrimination is carried out.
When discriminated as the left side of the T-zone fault, protection A1
calculates the maximum value of the instantaneous energy of the
high-frequency component of the current line mode at the end of the
fault line 1 and judges the fault inside and outside the left side of the
T-zone; when discriminated as the right side of the T-zone fault,
protection A2 calculates the maximum value of the instantaneous
energy of the high-frequency component of the fault current line
mode at the first end of the line 2 and discriminates the fault inside
and outside the right side of the T-zone; when discerning a fault
within the T-zone, Al and A2 judge the fault to be outside the line
zone, where protection Al and protection A2 are not operating. The
current data of fault line 4 ms for fault pole judgment are calculated,
the final fault pole protection device action. The protection flow is
shown in Figure 7.

SIMULATION VERIFICATION

On the PSCAD/EMTDC simulation platform, the Kunliulong
hybrid multiterminal UHVDC system model shown in Figure 1
is built. The Kun-North side adopts the traditional grid
phase-shifting type converter with constant DC current and
minimum trigger angle control; the Liu-North converter station
adopts a hybrid full-bridge and half-bridge modular multiterminal
flat converter with constant active power and reactive power control.
Longmen converter station uses a full-bridge and half-bridge hybrid
modular multiterminal flat converter. Control mode uses fixed DC
voltage and reactive power control. Line 1 and line 2 are overhead
lines, line model using Frequency Dependent (Phase) Model
Options model, the length of 908 km and 542 km, respectively.
System parameters are shown in Table 1. The main parameters of
the system are shown in Table 1.

In Figure 1, fou, fous are the faults occurring on the outside
of the positive and negative Kun-north side of the flat-wave
reactor, respectively, which is outside the left zone of the line
T-zone; finn ~ fins are first end, midpoint, and end fault of
positive line 1; fins ~ fine are the first end, midpoint, and end
failure of negative line 1. Line 1 faults are intrazone faults on the
left side of the T-zone; finin1 ~ finiz are first end, midpoint, and
end failure of positive line 2, fiuu ~ fine are the first end,
midpoint, and end fault of negative line 2; line 2 fault is an
intrazone fault on the right side of the T-zone; fouz, fouts
respectively, for the positive and negative Longmen side of the
flat-wave reactor outside the fault, the fault for the right side of the
T-zone outside the fault; fous3, fous are faults occurring on the
outside of the positive and negative Longmen-side flat-wave
reactors respectively, which are faults outside the right side of
the T-zone; fouwz, fours are faults occurring on the outside of the
positive and negative Liubei-side flat-wave reactors, respectively,
which are faults within the T-zone.
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TABLE 2 | Simulation of the positive fault.

Location  Transition K, K> Direction T, T, P Judgment Judgment
of the resistance of failure results results
fault value/Q of A1 of A2
foutt 0 67 -52  Left side of the 1.647*10° — 1.6624  Outside the left side of the positive —
T-zone T-zone
100 49 -37  Left side of the 7124107 — 1.6949  Outside the left side of the positive —
T-zone T-zone
200 37 -27  Left side of the 3.10710? — 1.7224  Qutside the left side of the positive —
T-zone T-zone
300 30 -21  Left side of the 1.9510° — 1.7481  Outside the left side of the positive —
T-zone T-zone
500 21 -14  Left side of the 1.52*10% — 1.799  Outside the left side of the positive —
T-zone T-zone
fin 0 256 -187  Left side of the 2.42*10° — 1.7315  Inside the left side of the positive —
T-zone T-zone
100 121 -89  Left side of the 4.12710* — 1.6946 Inside the left side of the positive —
T-zone T-zone
200 78 -57  Left side of the 1.34*10* — 1.69 Inside the left side of the positive —
T-zone T-zone
300 58 —42  Left side of the 5.88*10° — 1.6917  Inside the left side of the positive —
T-zone T-zone
500 37 -26  Left side of the 2.2710° — 1.6923 Inside the left side of the positive —
T-zone T-zone
finl2 0 459  -236 Left side of the 3.15*10° — 3.2431  Inside the left side of the positive —
T-zone T-zone
100 308 -159 Left side of the 1.31710° — 3.2563  Inside the left side of the positive —
T-zone T-zone
200 232 -119  Left side of the 6.98*10* — 3.2548  Inside the left side of the positive —
T-zone T-zone
300 186 -95  Left side of the 4.45*10* — 3.2468 Inside the left side of the positive —
T-zone T-zone
500 133 -67  Left side of the 2.11*10* — 3.2305  Inside the left side of the positive —
T-zone T-zone
finl3 0 1,691 —671  Left side of the 9.07*10° — 4.7264  Inside the left side of the positive —
T-zone T-zone
100 810 -316 Left side of the 3.84*10° — 4.6185 Inside the left side of the positive —
T-zone T-zone
200 539 202 Left side of the 2.1*10° — 4.651 Inside the left side of the positive —
T-zone T-zone
300 402 -147  Left side of the 1.32710° — 4.6757  Inside the left side of the positive —
T-zone T-zone
500 266 -94  Left side of the 6.68*10* — 4.75 Inside the left side of the positive —
T-zone T-zone
finll1 0 -796 1751 Right side of the — 9.810°  4.7264 — Inside the right side of the positive
T-zone T-zone
100 -391 885  Right side of the — 4.06"10°  4.6185 — Inside the left side of the positive
T-zone T-zone
200 -256 593  Right side of the — 2.22*10°  4.6504 — Inside the left side of the positive
T-zone T-zone
300 -190 445  Right side of the — 1.36"10° 4.6757 — Inside the left side of the positive
T-zone T-zone
500 -125 297  Right side of the — 6.97*10* 4.75 — Inside the left side of the positive
T-zone T-zone
finll2 0 -322 660  Right side of the — 8.44*10°  4.5303 — Inside the right side of the positive
T-zone T-zone
100 -216 447  Right side of the — 3.6410° 4.3115 — Inside the right side of the positive
T-zone T-zone
200 -162 338  Right side of the — 1.9910° 4.1887 — Inside the right side of the positive
T-zone T-zone
300 -130 272  Right side of the — 1.3110°  4.1107 — Inside the right side of the positive
T-zone T-zone
500 -93 195  Right side of the — 6.39*10"  4.0138 — Inside the right side of the positive
T-zone T-zone

(Continued on following page)
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TABLE 2 | (Continued) Simulation of the positive fault.

Location  Transition K, K> Direction T, T
of the resistance of failure
fault value/Q
finll3 0 -328 569 Right side of the - 7.98*10°
T-zone
100 -198 354  Right side of the - 4.11%10°
T-zone
200 -140 254  Right side of the - 2.63*10°
T-zone
300 -108 198  Right side of the — 1.8410°
T-zone
500 -74 137  Right side of the - 1.01*10°
T-zone
fout3 0 -270 444  Right side of the — 8.94*10°
T-zone
100 -151 264  Right side of the - 7.72*10°
T-zone
200 -100 182  Right side of the — 7.07710°
T-zone
300 -73 138  Right side of the — 6.27*10°
T-zone
500 -47 93 Right side of the - 7.64*10°
T-zone
fout2 0 -615 -560 T-zone — —
100 -282 -244 T-zone - —
200 -177 146 T-zone — —
300 -128 -102 T-zone — —
500 -83 -63  T-zone — —

According to the protection scheme proposed in Principle of the
CEEMDAN-Teager Energy Operator Algorithm, the protection
algorithm is written in MATLAB, and the simulation data are
imported. This study uses the CEEMDAN algorithm to
decompose the first IMF component after the fault transient
current; it can be achieved when the center frequency is greater
than the boundary decay frequency. Considering the CEEMDAN
decomposition principle and Shannon’s theorem to engineering
practical impact factors, this study involves simulation sampling
frequency using 20 kHz, and the data window length is 4 ms (Shen
et al, 2021a; Shen et al., 2021b; Shen and Raksincharoensak, 2021a;
Shen and Raksincharoensak, 2021b).

The intra-area fault in the left area of the T-zone is taken as an
example. If the center point of line 1 is metallic ground, the moment
of fault occurrence is 1 s, the fault duration is 0.1 s, and the amount of
line voltage change on both sides of the T-zone is shown in Figure 8.

It can be seen from Figure 8 that when the midpoint of line 1 metal
ground fault and line 1 and line 2 voltage are down to reach the
protection of the start value, the protection process is started. According
to the protection process to discriminate the fault direction, line 1 and
line 2 current line mode change amount is as shown in Figure 9.

From Figure 9, it can be seen that when the line 1 of the midpoint
of a metallic ground fault protection Al detecting the mode change
amount of the current line at the end of line 1 is positive, protection
A2 detecting the mode change amount of the current line at the first
end of line 2 is negative. According to Eq. 18, it can be determined
that the fault occurred on the left side of the T-zone. According to the
protection process, the location can be determined. The mode
components of the fault transient current line for CEEMDAN

CEEMDAN-Teager Energy Operator

P Judgment Judgment
results results
of A1 of A2

6.1925 — Inside the right side of the positive
T-zone

5.7473 — Inside the right side of the positive
T-zone

5.1994 — Inside the right side of the positive
T-zone

4.8146 — Inside the right side of the positive
T-zone

4.3354 — Inside the right side of the positive
T-zone

6.3299 — Outside the right side of the positive
T-zone

6.357 — Outside the right side of the positive
T-zone

5.1923 — Outside the right side of the positive
T-zone

4.467 — Outside the right side of the positive
T-zone

3.7292 — Outside the right side of the positive
T-zone

4.3946 — —

4.6647 — —

4.6524 — —

4.7011 — —

4.8375 — —

decomposition can be obtained for each order IMF component as
shown in Figure 10, and the FFT transform of each order IMF
component to find its spectrum, as shown in Figure 11.

As seen in Figures 10, 11, the mode signal of the fault transient
current line is decomposed by CEEMDAN to obtain
IMF1~IMF5, which is FFT-transformed to find the center
frequency of IMF1 as 5.3 kHz, and the center frequency is
greater than the boundary decay frequency, and the energy
spectrum of IMF1 is calculated by using the Teager energy
operator, and the energy spectrum of IMF1 is shown in Figure 12.

From Figure 12, we can see that the maximum value of the
instantaneous  amplitude of the IMFl component is
2.925 x 10° > Ty = 7.82 x 10%; this value satisfies the T internal
fault criterion of the left side of T-zone and is judged to be an internal
fault in the left zone of the T-zone, that is, line 1 is faulty. According
to the protection process, we need to determine the pole line of the
fault, that is, the fault pole selection; according to Eq. 21, the pole
selection factor P is calculated as 3.2431; according to Eq. 20, the
fault occurred in the positive pole is determined. In summary, the
fault occurred in the positive T-zone left zone, that is, the positive line
1 fault, and protection Al issued operation instructions.

In order to verify the impact of different fault locations and
different transition resistances on the protection, (shen et al.,
2020a; shen et al., 2020b) this study selected fin ~ fines
Sfinnn ~ fine> and fourn ~ fous where the fault occurred; the
transition resistance is in the value range of 0 ~ 500€2, and the
simulation results are shown in Tables 2, 3.

From Tables 2, 3, it can be seen that when the fault occurs at
St ~ fite>  finm ~ fints> and  four ~ fous, the transition
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TABLE 3 | Simulation of the negative fault.

Location  Transition K, K> Direction T, T, P Judgment Judgment
of the resistance of fault results results
fault value/Q of A1 of A2
fout4 0 67 -53  Left side of the 2.58*10? — 0.6972  Outside the left zone of the negative —
T-zone T-zone
100 49 -38  Left side of the 1.76"10° — 0.7191  Outside the left zone of the negative —
T-zone T-zone
200 38 -28  Left side of the 1.67*102 — 0.7415  Outside the left zone of the negative -
T-zone T-zone
300 30 —22  Left side of the 1.85*10° — 0.766  Outside the left zone of the negative —
T-zone T-zone
500 21 -15  Left side of the 1.46102 — 0.776  Outside the left zone of the negative -
T-zone T-zone
finl4 0 259 -190  Left side of the 2.48*10° — 0.605 Inside the left zone of the negative —
T-zone T-zone
100 123 -91  Left side of the 4.30710* — 0.6435 Inside the left zone of the negative —
T-zone T-zone
200 80 -59  Left side of the 1.25710* — 0.6706 Inside the left zone of the negative -
T-zone T-zone
300 59 —43  Left side of the 6.4910° — 0.6954  Inside the left zone of the negative —
T-zone T-zone
500 38 -28  Left side of the 2.28*10° — 0.7447  Inside the left zone of the negative -
T-zone T-zone
finl5 0 455 —235  Left side of the 2.9710° — 0.2953 Inside the left zone of the negative —
T-zone T-zone
100 305 157 Left side of the 1.2310° — 0.2876  Inside the left zone of the negative —
T-zone T-zone
200 229 -118  Left side of the 6.73*10* — 0.2818 Inside the left zone of the negative —
T-zone T-zone
300 183 —-94  Left side of the 4.61710* — 0.2765  Inside the left zone of the negative —
T-zone T-zone
500 131 -67  Left side of the 2.26*10* — 0.2658 Inside the left zone of the negative —
T-zone T-zone
finl 0 1,686 -673 Left side of the 5.63*10° — 0.2116  Inside the left zone of the negative —
T-zone T-zone
100 810 317 Left side of the 1.96"10° — 0.2169 Inside the left zone of the negative -
T-zone T-zone
200 539 202 Left side of the 1.21*10° — 0.2184  Inside the left zone of the negative —
T-zone T-zone
300 402 —147  Left side of the 7.29"10* — 0.2255  Inside the left zone of the negative —
T-zone T-zone
500 266 -94  Left side of the 3.74*10* — 0.2415  Inside the left zone of the negative —
T-zone T-zone
finll4 0 -798 1711  Right side of the — 515*10° 0.2116 — Inside the right zone of the negative
T-zone T-zone
100 -393 886  Right side of the - 2.29*10° 0.2169 - Inside the right zone of the negative
T-zone T-zone
200 -258 594  Right side of the — 1.25"10° 0.2184 — Inside the right zone of the negative
T-zone T-zone
300 -191 446 Right side of the — 7.54*10%  0.2255 — Inside the right zone of the negative
T-zone T-zone
500 -126 298  Right side of the — 3.99*10* 0.2415 — Inside the right zone of the negative
T-zone T-zone
finll5 0 -323 658  Right side of the — 8.1310° 0.2165 — Inside the right zone of the negative
T-zone T-zone
100 -216 445  Right side of the — 3.28"10° 0.2192 — Inside the right zone of the negative
T-zone T-zone
200 -163 337  Right side of the — 1.87*10° 0.2222 — Inside the right zone of the negative
T-zone T-zone
300 -131 271 Right side of the — 1.2710°  0.2235 — Inside the right zone of the negative
T-zone T-zone
500 -94 195  Right side of the — 5.93*10* 0.2233 — Inside the right zone of the negative
T-zone T-zone

(Continued on following page)
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TABLE 3 | (Continued) Simulation of the negative fault.

Location  Transition K4 Ky Direction T, T,
of the resistance of fault
fault value/Q
finlle 0 -326 567  Right side of the — 7.37*10°
T-zone
100 -196 353  Right side of the - 4.2410°
T-zone
200 -138 254  Right side of the - 2.7310°
T-zone
300 -106 198  Right side of the — 1.82710°
T-zone
500 -72 137  Right side of the - 1.09710°
T-zone
fout6 0 -270 442  Right side of the - 6.88*10°
T-zone
100 -151 263  Right side of the - 6.08*10°
T-zone
200 -100 182  Right side of the - 5.26*10°
T-zone
300 -74 138  Right side of the — 5.39"10°
T-zone
500 -48 92 Right side of the - 5.3910°
T-zone
foutd 0 —-617 -246 |Inside of the T-zone — —
100 -283 -216 Inside of the T-zone —
200 -177 =147 Inside of the T-zone — —
300 -129 -103 Inside of the T-zone — —
500 -82 —63  Inside of the T-zone — —

resistance changes in the range of 0 ~ 500Q); protection Al and
protection A2 can correctly determine fault direction and fault
location, correctly determine the fault pole line, and have high
sensitivity in the occurrence of high-resistance ground fault. The
protection method was found to be 100% correct for different fault
locations and transition resistances.

SUMMARY

In this study, a protection scheme for hybrid multiterminal UHVDC
lines based on the CEEMDAN-Teager energy operator is proposed,
which uses the protection principle to discriminate the fault
direction by the polarity of the sudden change in the line mode
component of the fault current when a fault occurs on both sides of
the T-zone, and then according to the rectifier-side boundary or line
end inverter-side boundary on the fault transient current high-
frequency signal attenuation characteristics, to determine the left side
of the T area inside and outside the fault area or the right side of the T
area inside and outside the fault area. The protection principle has
the following advantages:

1) When the fault occurs, because the normal operation of DC
current has a clear direction and size, the current on both sides
of the line will be obvious to sudden changes, and one can use
the polarity of the current line mode component of the sudden
change in the construction of the direction of the criterion.

2) The adaptive nature of CEEMDAN decomposition and
accurate identification ability of the Teager energy operator

CEEMDAN-Teager Energy Operator

P Judgment Judgment
results results
of A1 of A2

0.1734 — Inside the right zone of the negative
T-zone

0.1832 - Inside the right zone of the negative
T-zone

0.2013 — Inside the right zone of the negative
T-zone

0.2177 - Inside the right zone of the negative
T-zone

0.2438 — Inside the right zone of the negative
T-zone

0.1686 - Outside the right zone of the negative
T-zone

0.1622 - Outside the right zone of the negative
T-zone

0.1878 — Outside the right zone of the negative
T-zone

0.2141 - Outside the right zone of the negative
T-zone

0.2518 — Outside the right zone of the negative
T-zone

0.2255 — —

0.2143 - -

0.2181 - —

0.2273 - —

0.2434 — —

are used to determine the faults inside and outside the left side
of the T-zone and the right side of the T-zone, respectively.
3) The method in this study does not require high sampling
frequency and has strong resistance to transition resistance,
and the time window is 4ms, which can quickly and
accurately determine the faults inside and outside the zone.
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