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ABSTRACT

Line-commutated converter-voltage source converter (LCC-VSC) power transmission technology does not have
the problem of communication failure very usually. It therefore can support the long-distance, long-capacity
transmission of electric energy. However, factors such as topology, control strategy, and short-circuit capacities
make the traditional protection principles not fully applicable to LCC-VSC hybrid transmission systems. To
enhance the reliability of hybrid DC systems, a single-ended principle based on transmission coefficients is
proposed and produced. First, the equivalent circuit of the LCC-VSC hybrid DC system is analyzed and the
expression of the first traveling wave is deduced accordingly. Then, the concept of multi-frequency transmission
coefficients is proposed by analyzing the amplitude-frequency, and the characteristics of each element. Finally, the
LCC-VSCDC system model is built to verify the reliability and superiority of the principle itself. Theoretical analysis
and experimental verification show that the principle has strong interference resistance.
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1 Introduction

In recent decades, high voltage direct current (HVDC) transmission technology based on line-
commutated converter (LCC) converters has become the mainstream solution for DC lines. However,
with the continuous construction of high-voltage DC lines, the problem of commutation failure
caused by the centralized feeding of multiple DCs has become increasingly prominent, which seriously
impacts the security and stability of the power grid. The currently emerging three-terminal hybrid
DC transmission technology uses the LCC sending end to connect two modular multilevel converters
(MMC) receiving ends. The advantage that the MMC receiving end does not have commutation failure
has become a new method to solve the commutation failure problem of multi-circuit centralized DC
feeding into the power grid [1-3]. Currently under construction, China’s Wudongde DC transmission
project will become the world’s first three-terminal hybrid DC transmission project [4,5].

DC line protection is the first line of defense to ensure the safe and stable operation of DC lines. At
present, the traveling wave protection principle of DC transmission lines includes two categories: Use
time-domain information such as amplitude and differential and use frequency domain information
such as frequency difference [0,7]. Time-domain mutation protection is mainly divided into two types:
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Epipolar and modulus [8,9]. However, when the transition resistance of the fault in the DC line area
is large or the distance between the fault point and the protection installation is long, the mutation of
the traveling wave will be greatly attenuated, causing the protection to refuse to operate [10].

Aiming at the insufficient sensitivity of the principle-based on abrupt changes in the time domain,
scholars proposed a protection principle constructed by using the energy information in the frequency
domain [11]. The method uses time-frequency analysis tools such as S-transform to extract energy
and then uses the high-low frequency energy ratio as the protection criterion [12]. However, this
protection principle is mainly applied to traditional DC and MMC DC grids and does not consider
the characteristics of the three-terminal hybrid DC system. At present, there are few related studies
on the three-terminal hybrid DC line protection. Reference [13] studied common main and backup
protection action coordination. However, this reference is only an overview of existing protections and
does not propose new protection schemes. Reference [14] proposed a fault area identification method
for DC lines to realize fault area identification of each line in a DC system. However, this scheme
relies on strong boundary elements and is less applicable. Reference [15] analyzed the waveform-
related characteristics of electrical quantities in the time-domain, and used pattern recognition to
distinguish fault types. The characteristic of relying on the same fault waveform makes it unsuitable
for hybrid DC transmission systems. Reference [16] took the integral ratio of the traveling wave
amplitude at both ends of the line as the judgment basis. Reference [17,18] proposed that the filtering
characteristics of boundary elements in UHVDC transmission systems have a blocking effect on the
high-frequency components generated by out-of-area faults. Reference [19] proposed an ultra-high-
speed DC protection principle based on the traveling wave correlation coefficient. The existing LCC-
VSC system has a diversity of boundary elements, and the above literature is difficult to apply to the
topology of different boundary elements.

It can be, therefore, extrapolated from the above analysis that the principle of the Hybrid
DC System system still faces problems such as the reliability of protection, the complexity of the
implementation process, and the ability to resist transition resistance, and the speed of protection.
Therefore, further in-depth research is still needed to propose a protection principle with selectivity,
quickness, sensitivity, and reliability for DC lines. To ensure the reliable and safe operation of the LCC-
VSC multi-terminal direct current (MTDC) system, a single-ended protection principle based on the
traveling wave transmission coefficient is proposed. This paper’s main work and contributions are: 1)
The simplified circuit and the first traveling wave of the LCC-VSC hybrid DC system are analyzed,
respectively. 2) The calculation method of transmission coefficient is introduced, and a single-ended
protection principle based on multi-frequency transmission coefficient is proposed. 3) Compared with
existing solutions, the principle proposed in this paper has better resistance to high resistance (600 €2)
and noise interference (10 dB).

Section 2 analyzes the traveling wave process of the hybrid DC transmission system and derives
its first traveling wave expression. The calculation method and fault characteristics of the multi-
frequency transmission coefficient are analyzed in Section 3. Section 4 gives the flow and details of
the proposed protection principle. Subsequently, the LCC-VSC-MTDC transmission system model
verifies the correctness and superiority of the proposed principle, and conclusions are provided in
Section 5.
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2 Topology and Equivalent Circuit

In this section, the topology of the LCC-VSC-MTDC system is given first; then its equivalent
circuit and the first traveling wave expressions are analyzed. Finally, using transmission coefficients to
identify fault types is proposed.

2.1 Topology and Equivalent Circuits

This paper takes the LCC-MMC-MMC parallel three-terminal hybrid DC transmission system
as the object to study, and its topology is shown in Fig. 1. The sending end of the system is the LCC
converter station, and the two receiving ends are MMC converter stations. The DC line is divided into
two sections, Linel and Line2. Linel is connected to one of the converter stations MMC1 through the
DC busbar and then connected through Line2. The next receiving end converter station is MMC2.
Each converter station is equipped with smoothing reactors, among which the LCC converter station
is also equipped with a DC filter; the system adopts the double-pole plus neutral grounding method.

Linel Bus Line2
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Figure 1: Topological structure of LCC-VSC-MTDC DC grid

According to Fig. 1, the equivalent circuit of LCC-VSC-MTDC is obtained as shown in Fig. 2.
Ly, Lona and L., respectively represent the current-limiting reactors at the outlet of the three-
terminal converter; Z., and Z.; represent the wave impedance of the lines Linel and Line2, respec-
tively; Z.ma and Z,.. represent the equivalent impedance of the converters MMCI1 and MMC?2,
including the equivalent inductance (Loyme and Lgnme), capacitance (Cenmer and Cinme:) and resistance
(Remmer and Rme); Zmier Tepresents the equivalent impedance of the DC filter, including equivalent
inductance (L, and Ly,,), capacitance (Cy,, and Cyy))).
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Figure 2: Topology and equivalent circuit of LCC-VSC-MTDC system

2.2 First Traveling Wave
Traditional headline expressions such as formula (1) are [20]:

I =e79] (h

where I represents the measuring point current, I, represents the fault point current, y (s) represents
the propagation coefficient. When there is an external fault, the expressions of the first traveling wave
of different fault circuits are quite different. Therefore, it is necessary to derive the first traveling wave
expression for the LCC-VSC-MTDC system. Analyze the transmission process of the first traveling
wave of Linel and Line2 to obtain the equivalent circuit. It is worth noting that the first traveling wave
process does not involve the catadioptric behavior of traveling waves.

(1) Linel

The traveling wave fault circuit of Linel is shown in Fig. 3. In Fig. 3, Z; and Z, represent the
equivalent impedance of the busbar and the line, respectively. B, (s) represents the equivalent voltage
source; U, (s) represents the fault excitation voltage source; U(x, s) and I(x, s) represent fault point
traveling-wave; U(0, s) and 7(0, s) respectively represent the traveling wave voltage and current at the
measurement point.

Fig. 3a represents the equivalent circuit of the internal midpoint faults. When the internal
midpoint faults occur, the Linel model splits into two parts when the internal midpoint faults occur.
In the middle, a fault port circuit has been added to connect to the two-segment circuit model and
the converter station. Figs. 3b and 3¢ represent the equivalent circuit of the internal terminal fault and
external fault. Since there is no new fault port when the line end fails, the fault excitation voltage source
will directly act on the equivalent circuit. In the event of an external fault, the additional fault voltage
source is transmitted to the measurement point via the line boundary element. When comparing the
equivalent circuit, however, it can be seen that the boundary element causes the difference in the first
traveling wave of the fault. Therefore, the first traveling wave formula is:

_(]a(x5 S)

(Smecl + mecl)//ZCI + ZB
- Ub (X, S)
ZB + (Smec] + mecl)//(ZCI)
—U.(x,5) o e

ZB + (Smecl + mecl)//(ZCI)

Internal midpoint fault:,(0, s) = e~ @@ tp@)~

Internal end fault:/, (0, s) = e~ @@ Hhe)x

2)

External fault:1.(0, s) = e~ @@Hp)x
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conductance, capacitance, and inductance per unit length of the line, respectively; e’ represents the
attenuation coefficient of the boundary element on the LCC side.
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Figure 3: Internal and external fault equivalent circuit of Linel. (a) Midpoint internal fault, (b) End
internal fault, (¢c) External fault

(2) Line2

The analysis process of Line2 is the same as that of Linel. Its equivalent circuit is shown in Fig. 4.
Different from Linel, the boundary elements of the MMC converter include bus bars and current
limiting reactors. Therefore, the first traveling wave of Line2 is shown as follows:

—Ui(x,5)
USmeCZ + mecZ
. -U,(x,s
Internal end fault:Z,(0, s) = e‘(“(“”*fﬂ(‘””x#
SmecZ + mecZ
—U.(x,s) ®efs
Smec2 + mecZ
where e’ represents the attenuation coefficient of the MMC boundary element.

Internal midpoint fault:7,(0, s) = e~ @A)~

(€)

External fault: (0, s) = e~ @@ #pen>
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Figure 4: Internal and external fault equivalent circuit of Line2. (d) Midpoint internal fault, (e) End
internal fault, (f) External fault

If the attenuation-related parameters in the expression are extracted, the eigenvalues that are
not affected by the fault resistance can be constructed. Since line attenuation expressions are closely
related to line parameters, boundary element attenuation coefficients are closely related to boundary
element parameters. Such frequency-varying parameters make the expression difficult to analyze
quantitatively. Therefore, this paper proposes a method of fitting transmission coefficients to construct
fault identification criteria.

3 Multi-Frequency Transmission Coefficient

The analysis in Section 2 shows that the transmission coefficient in the first traveling wave
expression can identify the fault type. This chapter first proposes a method for fitting the transfer
coefficient. Then the attenuation characteristics of lines and boundary elements are analyzed, and the
concept of multi-frequency transmission coefficient is proposed accordingly.

3.1 Fitted Transfer Coefficient

This section proposes to use the Gauss-Newton method to fit the attenuation part to obtain the
fault coefficient. The expression of the first traveling wave is a nonlinear curve, which can be written
as:

F(x) =Y fix) )
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The first-order Taylor expansion f;(x) is approximated by ¢,;(x) to get:
¢i(x) = vf;(xk)Tx - [Vf;(xk)Txk _ﬁ(x/\)]a = 1, 25 e ,m (5)

According to formulas (4) and (5), (6) can be obtained:

m VAT VAT = f1(xX5) VAT VAT = f1(xX5)
px) =D ¢ (x) = : X+ : : X+ :
= Vfu(xXHT V)T = £, ) \ VLD V()T = f.(x")

(6)

Each time iterative calculation is performed, ¢(x) is used to represent F(x). Given 4,, b and f*
the expressions are:
VAGHT VAT = (D) f1(x9)
: b= : =AX —f 1 = :

Ay = : :
V(XY — fu(xh) Ju(X5)

Vi (x)"
At this point, approximating ¢(x) = > ¢*(x) and setting its derivative to 0.
i=1
Al Ayx = AL (A x* — f%) )
X —xt=—ATA) Al f*
where x*™! = x is the extreme point of a single iteration. It is composed of two parameters, the function
value of f;(x*) and the value of the first-order partial derivative. Both parameters need to be updated
on each iteration. Therefore, the calculation process of the transmission coefficient is as follows:
1) Set the initial point and threshold, the threshold is the condition to stop iteration;
2) Calculate the function value f;(x") to get the vector f*;
3) Calculate f;(x*) to get the Jacobian matrix A,;
4) Solve the equation x — x* = — (4] 4,) "' A]f* to get xX**';
5) Judge || x**' — x*| < & to judge whether to continue the iteration.

So, the discrete traveling wave data can be fitted to the following form:
I = —AleiG[ + 81 (8)
where [ represents the traveling wave current, 4, represents the fitting result of the current amplitude
part, G represents the transmission coefficient, and ¢, represents the random error.
From Eqs. (2) and (3), it can be seen that the fault transmission coefficients are:
Internal fault:G = (a(w) + jB(w))(w / B(w)) ©)
External fault:G = (a(w) + jB(w))(w / B(w)) + Bi..orPs

Obviously, the transfer coefficient of the forward external fault is larger than that of the internal
fault. The transmission coefficient at this time cannot identify the reverse fault, and the traditional
solution needs to increase the directional element to solve this problem. This section proposes a scheme
using different frequency transmission coefficients to identify reverse faults.
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3.2 Multi-Frequency Transmission Coefficient

The above analysis shows that the transfer coefficient can be used to identify forward external
faults and internal faults. However, this criterion cannot identify reverse external faults. Take the
line Linel measuring point of the LCC-VSC-MTDC system as an example (Fig. 5). Each of these
transfers is:

Giivesnons = (a(@) +jB(@))(@/ (@)
Grs = (a(o) +jB(w))(@/ B(®)) + Bs (10)
GFl - :Blcc

where Gy o Stands for threshold.

‘mmcl

DC filter

Figure 5: Transmission coefficients for different fault locations

The busbar system makes the forward external fault transfer coefficient more significant than the
threshold. Since the attenuation characteristics of Linel are unknown, it is not possible to compare
its differences with boundary elements. The transfer coefficient of the reverse external fault is not
necessarily higher than the threshold. At this time, the threshold cannot identify a reverse external
fault. Therefore, it is necessary to compare the attenuation characteristics of the line and each
boundary element.

Reference [21] analyzed the amplitude-frequency factors of each component in detail, and
summarizes the transfer function of each boundary element as follows:

. 11 + Gy(w) + & (Ly; % --- Cy)|
LCC: |4 =
iG] 15 G & mL ol ;
MMCI: A(jo) = — oO//22) CU 7 (11)
5(8)//Z1:(8) + Z1,(s) 2(sL,, + —L + R, + Ll)
eq < eq 2
2Aun 7 2Au;, Z
MMC2: 4,(jw) = [ L= =
00) = oy s 27, +sL.

where A4, (jw), 4,(jw), A;(jw) represent the transfer functions of the three boundary elements, respec-
tively. Bringing in each parameter can get its Bode diagram as shown in Figs. 6--8.

The attenuation characteristics of the line are closely related to its parameters. Building a line
frequency-dependent model in PSCAD can get its amplitude-frequency characteristics, and the results
are shown in Fig. 9.
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Figure 6: Amplitude-frequency characteristics of current-limiting reactors
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Figure 7: Amplitude-frequency characteristics of smoothing reactors and DC filters
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Figure 8: Amplitude-frequency characteristics of the transfer function in the bus convergence area
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Figure 9: Bode plot of the transfer function of a transmission line
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Comparing Figs. 6-8, and Fig. 9, it can be found that the attenuation effect of the LCC and the
MMCI on the high-frequency signal is higher than that of the line, while the attenuation effect of
the MMC?2 on the low-frequency signal is high on the line. If the transmission coefficient is calculated
using the full-band fault information, the transmission coefficient cannot identify all faults. Therefore,
it is necessary to select the traveling wave signals of different frequency bands for the protection device
to calculate the transmission coefficient.

A summary of the amplitude-frequency characteristics of boundary elements and lines is shown
in Table 1.

Table 1: Boundary element and line amplitude-frequency characteristics total

Frequency Element
Line Current limiting reactor Smoothing reactor  Bus
(10km~1000km) (75 mH~200 mH) DC-filter
10°~10' 0.1% 0.1% 0.1% 0.1%
10'~10? 0.1%~1% 0.1% 0.1% 0.1%~90%
10°~10° 1%~2.5% 0.1%~2% - 0.1%
10°~5 % 10° 2.5%~8% 2%~16% - 0.1%
5% 10°~10* 8%~19% 16%~20% 30%~50% 0.1%
10*~10° 19%~80% 20%~40% 50% 0.1%

It is worth noting that all attenuation percentages in Table | are approximate. Current-limiting
reactors, smoothing reactors + DC filters have stronger high-frequency attenuation capabilities than
lines in the range of (5~10) kHz. In the range of (1~100) Hz, the busbar confluence area has a stronger
low-frequency attenuation capability than the line. Therefore, the frequency selection of the fault fitting
coefficient proposed in this chapter are between (5~10) kHz and (1~100) Hz.

4 Protection Principle Process

4.1 Fault Identification

The analysis shows that when the internal fault occurs, the transmission coefficient is only
affected by the line distribution parameters, and the value is small; when the external fault occurs,
the transmission coefficient is affected by the line distribution parameters and boundary elements,
and the value is large. When considering Linel as an example, the fault identification principle of the
multi-frequency transmission coefficient is analyzed.

The influence of the current-limiting reactor on the (5~10) kHz fault signal is greater than that of
the line, and the bus bar has almost no effect on the (5~10) kHz signal, so the transmission coefficient
of a single frequency cannot judge the reverse fault. Therefore, the LCC-VSC-MTDC system selects
the second frequency band (1~100) Hz to cooperate with the (5~10) kHz high-frequency band
to identify faults. Only when the transmission coefficients of the two frequency bands meet the
requirements the protection identification element act. Therefore, the fault identification components
of the proposed protection scheme are:

G(®) < Gy (@), w; = (5~10) kHz

Ineternal fault i G(@,) < Gon(@s). @, = (1~100) Hz (12)
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where G,.,; and G, represent the thresholds of the transmission coefficients in the frequency domain.

Therefore, the process of the fault identification component is: 1) Calculate the transmission
coefficient threshold according to the line parameters; 2) Use the Gauss-Newton method to calculate
the fault transmission coefficient; 3) Use (12) to determine the fault type. In addition, this section
selects discrete wavelet transform to extract frequency signals. The db3 of Daubechies Wavelet is
chosen as the mother wavelet of this paper, and a 7-layer wavelet transform is carried out.

4.2 Start Element and Fault Selection Element

The start-up criterion must be sensitive enough to ensure immediate start-up in any internal fault.
Existing references have matured into this research and will not be repeated in this section [21]. So, the
ratio of the first traveling wave current of the positive and negative electrodes is selected to construct
the fault-selecting element. The fault loops for different situations are shown in Fig. 10.

fault pole fault pole

. »
> »

g 1 [ X

I healthy pole % P ) / fault pole
(a) (b)
Figure 10: Fault loops for different situations. (a) Positive ground fault, (b) Pole-to-pole fault

Fig. 10a represents a single-pole ground fault, and Fig. 10b represents a pole-to-pole short-circuit
fault. Only the faulty pole has fault information when a single-pole ground fault occurs. When a pole-
to-pole short-circuit fault occurs, fault information exists on both the positive and negative poles.
Therefore, the positive and negative first traveling wave current ratio is used to select the fault pole. In
the case of pole-to-pole short-circuit fault, the positive and negative current amplitudes are close to
each other. When a single-pole fault occurs, the current of the faulty pole is much larger than that of
the healthy pole. The criterion for the faulty pole selection element is:

Positive fault:lIN/Ipl > Mgt
Pole — pole fault:1 /Ay < [In/ I < A (13)
Negative fault:| Iy / Ip| <1/ As
where Iy represent positive traveling wave current; /, represent negative raveling wave current; A,
represent the threshold, this section sets the threshold to 2.

According to Section 4.2 and Section 4.3, the flow of the protection principle is shown in Fig. 11.
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Figure 11: Flow chart of single-ended protection principle based on transmission coefficient

5 Simulation

In order to test the correctness and superiority of the protection principle, the LCC-VSC-MTDC
simulation model was built in PSCAD/EMTDC. The thresholds calculated according to the line
parameters are: Linel(G,,,(w,)-(162.5~210.1), G,.n(®,)-(11.8~14.7)); Linel(G,., (w,)-(105.9~135.2),
Goon(,)-(10.2~18.6).

5.1 Internal Pole-to-Pole Fault

Set the internal faults F, and F,, respectively, and obtain the fault traveling wave current of the
LCC-VSC-MTDC system as shown in Fig. 12. After the fault, the current discharge of the sub-module
of the MMC converter causes the fault traveling wave current to increase rapidly. However, the LCC
converter is configured with a current-limiting control strategy, and its fault traveling wave current is
limited when it increases.

Calculating the transfer coefficient based on the fault current results in Fig. 13. Figs. 13a, 13b
represent the transmission coefficients of Linel and Line2, respectively. During an internal fault,
the traveling wave reaches the measurement point through two layers of attenuation of the line and
boundary elements. So, the multi-frequency transmission coefficients of the measurement points M,
and M; are both smaller than the thresholds. Therefore, the proposed principle can identify internal
faults.
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Figure 12: Traveling wave current of internal faults. (a) The traveling wave current of F2 fault in LCC-
VSC-MTDC system, (b) The traveling wave current of F4 fault in LCC-VSC-MTDC system
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Figure 13: Transmission coefficient for internal faults. (a) Transmission coefficient of Linel, (b)
Transmission coefficient of Line2

5.2 External Pole-to-Pole Fault

Figs. 14a, 14b are the transmission coefficients of F, and F;, respectively. Fault F, is closer to the
M,, and the traveling wave is only affected by the current-limiting reactor, so its fitting coefficient is
only greater than the threshold. The fault F; needs to pass through the current limiting reactor and the
full length of the line to reach the measurement point, and its fault fitting coefficient is much larger
than the threshold.

Since the LCC-VSC-MTDC system adopts symmetrical bipolar wiring, this section takes the
positive fault as an example to analyze. The simulation results are shown in Table 2. The simulation
results show that the transmission coefficient satisfies the fault criterion only when there is an internal

fault.
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Figure 14: Transmission coefficient for external faults. (a) The transmission coefficient of Linel, (b)
Transmission coefficient of Line2

Table 2: Simulation results of pole-to-ground fault for fault fitting coefficients protection scheme

Frequency LCC-VSC-MTDC |1 / I
M, M, M; M,
F, (5~10) kHz >187.2 >2813.1 - - ~121/157
(1~100) Hz ~1.05 ~1.05 - -
F, (5~10) kHz <162.5 <162.5 - -
(1~100) Hz <11.8 <11.8 - -
F, (5~10) kHz >287.1 >196.4  =~1.05 <81.5
(1~100) Hz - - >105.3 >105.3
F, (5~10) kHz >169.9 ~1.04 <105.9 <105.9
(1~100) Hz >112.4 >109.38 <10.2 <10.2
F; (5~10) kHz - - >1621.7 =>138.5
(1~100) Hz - - ~1.05 ~1.05

5.3 Influence of Fault Resistance and Fault Distance

The transmission coefficients constructed in this chapter relate only to line parameters and
boundary elements. Therefore, the high-resistance fault cannot affect the fault identification criterion.
In order to verify the influence of fault distance and fault resistance on the protection principle, faults
in different positions and stages are set up. The simulation results are shown in Fig. 15. Figs. 15a
and 15b are the simulation results of the LCC-VSC-MTDC system Linel and Line2, respectively.
Regardless of the variation of fault distance and fault resistance, the external fault d transfer coefficient
is less than the threshold value, and the internal fault transfer coefficient is higher than the threshold
value.
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Figure 15: Simulation results of different fault resistances and fault distances. (a) Linel fault of LCC-
VSC-MTDC system, (b) Line2 fault of LCC-VSC-MTDC system

600

To verify the superiority of the proposed scheme, two typical single-ended protection principles
are compared and the proposed protection principle. Reference [21] belonged to the time domain
protection principle, and the core of its fault identification criterion is the amplitude difference.
Reference [8] belonged to the principle of frequency protection, and the core of its fault identification
criterion is frequency difference. The comparison results are listed in Table 3. The principle can accept
600 2, which is not the capability of the other two protection principles.

Table 3: Comparison of results of resistance to fault resistance

Fault resistance 100 €2 200 €2 400 @ 600
Proposed protection Vi J J W/
Time-domain protection scheme [21] J Vi X X
Frequency domain protection scheme [§] J Vi J X

5.4 Influence of Noise

Signal noise ratio is often used to indicate that normal signals are polluted by noise. The reliability
problem that high-frequency noise affects the traditional protection needs to be paid attention to.
In this chapter, discrete wavelet transform is used to extract the transmission coefficient of the first
traveling wave signal. The db3 of Daubechies Wavelet is chosen as the mother wavelet of this paper, and
a 7-layer wavelet transform is carried out. Assuming « € [0, 1], the necessary and sufficient condition
for the function f(x) to have a consistent Lie index on [a, b] is that there is a constant & > 0 such that
Vx € [a, b], the wavelet transform satisfies the following formula:

log,| Wyf (s)| < log,k + aj (14)

The above formula shows that when the Li’s exponent ¢ > 0, the maximum modulus value of
the wavelet transform increases with the increase of the scale; on the contrary, the maximum modulus
value decreases with the increase of the scale. Since the noise is almost all singular, that is, the Li’s index
is less than 0, while the signal’s Li’s index is greater than 0. Therefore, noise and signal have opposite
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characteristics in wavelet decomposition. Therefore, part of the noise will be eliminated during the
decomposition and reconstruction of the wavelet transform.

To verify the above analysis, 10 dB~40 dB of noise is superimposed on all traveling wave signals to
obtain the traveling wave current with noise as shown in Fig. 16. Obviously, the smaller the signal-to-
noise ratio, the greater the influence of noise on the traveling wave signal. The transmission coefficient
calculated for this traveling wave current is shown in Fig. 17.

—original signal -°-40dB -= 30dB -*-20dB -* 10dB
16 20 ¢

14 1 15}

I(kA)

0 0.01 0.02 0 0.01 0.02
Time(s) Time(s)

(a) (b)

Figure 16: Traveling wave current during internal fault(Noise). (a) F2 fault of LCC-VSC-MTDC
system, (b) F4 fault of LCC-VSC-MTDC system

== (5~10)kHz == (5~]10)kHz
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401
20+
0

-20

(b)

Figure 17: Transmission coefficient (Noise). (a) F2 fault of LCC-VSC-MTDC system, (b) F4 fault of
LCC-VSC-MTDC system

Figs. 17a, 17b represent the LCC-VSC-MTDC system A and B transmission coefficients, respec-
tively. The smaller the signal-to-noise ratio (5~10) kHz, the larger the transmission coefficient. This
is because the wavelet transform does not completely eliminate the high-frequency noise. But the
noise has little effect on the transmission coefficient of (1~100) Hz. Furthermore, the transmission
coefficients in all simulation results are less than the threshold.

References [21] and [§] were still selected to compare their noise immunity (Table 4). The time-
domain protection principle [21] cannot accept 10 dB of noise, while the frequency domain protection
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principle [8] cannot accept 20 dB of noise. The proposed principle can identify 10 dB noise interference.
The 10dB anti-noise interference capability of the principle in this paper is much stronger than the
other two protection principles.

Table 4: Comparison results of resistance to fault resistance

SNR 10dB 20dB 30dB
Proposed protection V4 v N
Time-domain protection scheme [21] X J Vi
Frequency domain protection scheme [§] X X J/

5.5 Performance Comparison

To analyze the gap and contribution of the proposed schemes, the performance of different
schemes is compared in this section. At present, the main protection of the HVDC transmission
projects in operation adopts the single-ended traveling wave protection scheme (scheme 1 [4]), but this
scheme has the problem of poor anti-interference ability. To solve this problem, scholars have proposed
two types of solutions based on time-domain (scheme 2 [21]) and frequency domain (scheme 3 [8]).
The most typical algorithms of the two types of solutions are compared in this section. The criteria
for the three schemes are as follows:

Scheme 1:du/dt > ke,
20

d
Scheme 2:LT%>km2 (15)
Scheme 3: fOT dnl’dt > kg

where u represents traveling wave voltage; k., represents threshold value of scheme 1; L; represents
current limiting inductance; i) represents current; k., represents threshold value of scheme 2; d/[n]*
represents transient energy; 7T represents time window; k,.; represents threshold value of scheme 3.

Since fault resistance and noise are the main factors affecting the anti-interference ability of the
protection scheme, different fault resistance and noise are added to several schemes, respectively. The
simulation results are shown in Fig. 18.

Fig. 18a represents the single-ended traveling wave protection of Scheme 1, which can only accept
40 dB + 50 2. The protection scheme based on the time domain cannot solve the influence of fault
resistance theoretically, so the anti-interference ability of scheme 2 (Fig. 18b) is only 20dB + 200
[21]. Although reference [§] utilizes frequency characteristics to enhance resistance, its high-frequency
characteristics are susceptible to noise. Therefore, scheme 3 can only accept 20 dB + 400 2 interference
(Fig. 18c). Unlike the above schemes, the scheme proposed in this paper extracts the characteristics
that are not affected by the fault resistance to establish the fault identification criterion, which greatly
enhances its resistance ability. In addition, the use of wavelet transform enhances the noise immunity of
the scheme. Therefore, the proposed scheme can accept 10 dB + 600 2 interference (Figs. 18d and 18e).
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Figure 18: Comparison of results of protection scheme performance. (a) Scheme 1. (b) Scheme 2. (¢)
Scheme 3. (d) The proposed protection scheme of (1-100 Hz). (¢) Scheme 3. The proposed protection
scheme of (5-10 kHz)

In conclusion, the proposed scheme has a stronger anti-interference ability than the existing
scheme.

5.6 Scalability Analysis

The analysis in Section 2 shows that the multi-frequency fitting fault coefficients mentioned in
this chapter are only related to the line parameters. The multi-frequency fitting coefficient increases
with the increase of fault distance. In addition, this multi-frequency fitting failure coefficient uses the
traveling wave signal to establish eigenvalues. The short-time window characteristic of traveling wave
signal makes it not affected by control strategy and topology. Therefore, the proposed scheme has
strong scalability.

In order to verify the scalability, a typical transmission system model is established, as shown in
Fig. 19. It is worth noting that the thresholds of the protection schemes need to be set separately.
The thresholds for the two typical topologies are: LCC-HVDC(G,,, (w,)-(112.7—147.1), G,,»(w,)-
(8.1~10.5)); Linel(G,,,; (w,)-(105.5—109.2), G,,,,(w,)-(7.5—10.1). The simulation results (Table 5) show
that the proposed scheme is also suitable for traditional.

LCCl 4 f, i

| 5 oLec

DC filterl DC filter2
I (a) LCC-HVDC
VSCl1 | f, 5 L1 vsc
L £ L

(b) VSC-HVDC

Figure 19: Typical DC transmission system. (a) LCC-HVDC system. (b) VSC-HVDC system
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Table 5: Scalability Simulation Results

System Interference f 1
(1-100) Hz  (5-10)kHz  (1-100)Hz  (5-10) kHz

LCC-HVDC 0dB+0Q 0.97 159.7 1.03 52.6

20 dB+400 1.12 161.3 1.42 60.8

10 dB+ 6002  1.15 167.8 1.48 69.1
VSC-HVDC 0dB+0Q 0.75 121.0 0.87 49.5

20 dB+4002  0.98 135.1 0.93 51.0

10 dB+ 6002  1.01 149.5 1.24 58.7

Result Ni J J NG

5.7 Action Time Analysis

The protection scheme proposed in this chapter applies to single-ended electrical signals, and its
action time composition is as follows:

TZl = Tnl + Tn2 (16)

where T, represents the total time of the protection scheme, T, represents the data window time, and
T, includes the startup element-time, data calculation time and signal conversion time.

Among them, the starting element is judged by four sampling points at the beginning of the fault.
When the sampling frequency is 20 kHz, the time to activate the element is 0.2 ms. The data calculation
time includes the calculation and conversion time of the calculation formula in hardware. Taking the
TMS30F2812 as an example, its period is 6.67 nanoseconds. Therefore, the time of all calculation
formulas does not exceed 0.1 ms, and the conversion time is about 1us and can be ignored. Therefore,
the data calculation time is approximately equal to 0.1 ms. In addition, the photoelectric conversion
and measurement delay time is a microsecond, which is selected as 0.1 ms in this paper. Therefore, the
total time for 7, 1s: 0.24+0.1 +0.1 =0.4ms.

This section selects the wavelet transform modulo maximum method to select the data window. If
the time of the first modulo maximum value is ¢,, and the arrival time of interference signals such as
reflected waves is t,, then the data window is T;,;, = ¢, — ¢,. The propagation speed of the line mode is
294 km/ms [21], so the longest data window of the LCC-VSC system is 900/294 = 3.06 ms.

In summary, the maximum action time of the proposed scheme is 3.46 ms. The simulation results
in Section 5 also verify the above theoretical analysis.

6 Conclusion

A novel transmission coefficient-based protection principle is used to ensure the reliable operation
of hybrid DC systems. First, the equivalent circuit of the hybrid DC system is resolved. Accordingly,
the expression of the first traveling wave of the system is deduced. Then, the concept of multi-
frequency transmission coefficient is proposed by analyzing the amplitude-frequency characteristics
of different boundary elements. The calculation method and frequency selection of the transmission
coefficient is also analyzed. Finally, a single-ended protection principle is proposed, and its reliability
and superiority are verified. The advantages and innovation of the proposed protection principle are
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shown as follows: 1) Innovation: The first traveling wave expression of LCC-VSC-MTDC is analyzed,
and the principle of multi-frequency single-ended protection is proposed accordingly. 2) Advantage:
The novel scheme can withstand higher fault resistances (600 €2) and noise disturbances (10 dB). 3)
Features: Since the transmission coefficient is only related to the fault distance, it is not affected by the
topology and control strategies. The proposed protection principle can be applied to traditional DC
transmission systems.
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