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Abstract: - This paper proposes a fault localization method based on ICEEMDAN and DEO3S, which addresses the shortcomings of
existing DC distribution network fault localization methods. The method employs the ICEEMDAN algorithm to adaptively decompose
the fault voltage travelling wave signal at both ends of the current limiting reactor. The fault line is used to identify the main frequency
component of the fault travelling wave, which is then extracted using the DEO3S algorithm to determine the precise moment when
the fault travelling wave head arrives. This enables the fault point to be located with greater precision. The effectiveness of the fault
location method is verified. A 10kVDC distribution line model was constructed using PSCAD/EMTDC to simulate various fault
conditions. The results of this simulation demonstrate that the proposed method exhibits high accuracy in fault location, effectively
mitigates the impact of random noise and initial travelling wave arrival time on location results, and exhibits high reliability.
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l. INTRODUCTION

In light of mounting environmental pressures and dwindling fossil fuel resources, China is endeavoring to
transition from traditional fossil energy sources to cleaner energy sources, including wind and solar. The
widespread adoption of cleaner energy sources represents a pivotal aspect of future energy strategies [*-2, In its
2021 white paper, the Southern Power Grid sets out its goal of building a new type of power system,
emphasizing the importance and promotion of multi-terminal DC technology 4. Among these, flexible DC
distribution lines have low loss, strong compatibility, and good power quality, which is conducive to improving
power transmission efficiency and promoting access to distributed power sources €. The development
prospect is favorable [, While research and practice in flexible DC distribution grids continue to advance, the
current technology and engineering practice in flexible DC distribution grids are still in the process of
continuous exploration and progress. Additionally, there are still several challenges to be resolved, including
the lack of a standardized system. A number of challenges remain to be addressed 1%, Consequently, there is
an immediate necessity to investigate expedient and dependable protection and precise localization techniques
to guarantee the secure and stable operation of DC distribution systems. The prevailing fault localization
techniques for DC distribution networks encompass fault analysis, injection, traveling wave, and fault analysis
methods (4,

Fault analysis is the study of the mathematical relationship between the faulted electrical quantity and the
fault location. This is achieved by means of circuit equations, such as current differentials 2 and harmonic
impedance %, and other electrical quantity characteristic information, which are used to calculate the exact
location of the fault. In the literature [14], the transient current and voltage of the transient discharge process of
the capacitor on the DC side have been employed for fault ranging. This method has the advantage of not
relying on the "sampling frequency,"” and it has a "strong ability to adapt to changes in the transition resistance."
However, this method can only be applied to double-ended power supply systems, and it cannot be used in
multi-terminal ring DC distribution networks. The literature [15] employs an RL model to construct a fault
location strategy for DC lines. However, the practical application of this strategy using differential calculation
may result in significant errors and poor noise resistance. Literature [16] has also attempted to localize faults
by studying the relationship between fault location and the amplitude and frequency of fault voltage oscillations.
However, this method is only applicable to single DC lines and is challenging to implement in multi-terminal
DC distribution systems.

In the injection method, an injection device is usually installed to actively inject signals into the system, and
then the detected signals are used as the basis for fault localization [*71. In literature [18], an oscillating discharge
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circuit is constructed by connecting capacitors in series, and then the frequency and attenuation of the discharge

current are detected to locate the fault. In literature [19], a corresponding ranging module was designed
according to different fault types to form a second-order RLC discharge loop, and fault ranging was realized
by detecting the relevant characteristics of the discharge loop. These two methods are highly reliable and
tolerant to transition resistance, but there is a localization dead zone at the proximal end. Therefore, literature
[20] proposes a fault localization method by injecting a triangular wave of specific frequency and amplitude,
based on the relationship between the frequency domain impedance of the characteristic signal and the fault
location, which solves the problem of the existence of dead zones at the proximal end. However, this method
requires the design of the injection device according to the line parameters and a suitable injection point, which
has a high economic cost.

At present, in DC distribution network, the related research on fault localization still adopts the idea of AC
distribution network, which does not fully consider the capacity of the converter and the extremely short time
window of fault transient information in DC distribution network. In addition, the additional injection
equipment is less economical and difficult to be widely used in the actual DC distribution network. The
traveling wave method locates faults by measuring the arrival time of the traveling wave head [21]. Literature
[22] proposed a wave-head calibration method based on mathematical morphology and realized fault
localization on DC transmission lines using traveling wave theory. Literature [23] performs fault localization
by calculating the time difference between the arrival of the voltage first traveling wave and the counter
traveling wave. All these methods can effectively locate the fault without interference, but they do not consider
the interference of external factors, especially in the case of large noise, the traveling wave head is difficult to
be accurately calibrated, and the fault localization accuracy will be greatly reduced or even the localization
failure will occur.

To address the above problems, literature [24] proposes a DC distribution network fault localization method
based on gray comprehensive correlation, by analyzing the similarity of the traveling waveforms at the first and
last ends of the line to solve the optimal time shift, so as to obtain the time difference between the arrival of the
traveling waveforms at the first and last ends of the line for fault localization, which does not need to calibrate
the traveling wave-head, and will not be unable to complete the fault localization because of the large noise.
However, the similarity of this method will also be affected by the noise, and when the noise is large, it may
lead to the inaccuracy of the optimal time shift, which will lead to a large localization error. Literature [25]
proposed a high-voltage DC transmission line fault ranging method based on wavelet transform and ESMD
algorithm, which improves the noise resistance of traveling wave localization method to a certain extent, and
the proposed method has better localization accuracy and the ability to withstand transition resistance. However,
the lack of reliability of wavelet transforms on large scale leads to the problem of modal aliasing of the method,
and it is still difficult to accurately remove the noise in the case of large noise.

Literature [26] proposed a traveling wave ranging method based on traveling wave mode decomposition
for double-ended traveling waves of UHV DC transmission lines, which uses Variational Mode Decomposition
(VMD) to decompose the faulty traveling wave signals and the Teager Energy Operator (TEO) to the
instantaneous energy spectrum calculated by the Teager Energy Operator (TEO) is used to prepare the
calibrated traveling wave head. This method has strong robustness, can adapt to the large noise condition and
high resistance fault condition, and the localization accuracy is within 1 km when the transition resistance is
less than 100Q, which has certain technical practical value in long-distance UHV DC transmission lines.
However, since the VMD decomposition needs to select the corresponding parameters artificially, it is difficult
to find the optimal parameter combination, which will affect the accuracy of localization, resulting in the
localization accuracy of the method can’t be applied to the DC distribution network.

In summary, for the problems of existing DC distribution network fault localization methods, this paper
proposes a new DC distribution network fault localization method, which adopts the ICEEMDAN algorithm to
adaptively decompose the fault voltage traveling wave signals at the two ends of the fault line current limiting
reactor to obtain the main frequency component of the fault traveling wave, and then applies the DEO3S
algorithm to extract the time-domain energy spectrum of this main frequency component to obtain the precise
time of arrival of the fault traveling wave head, thus realizing the precise localization of the fault point. Then,
the DEO3S algorithm is used to extract the time-domain energy spectrum of the main frequency component to
obtain the precise moment of arrival of the fault traveling wave, thus realizing the precise positioning of the
fault point.
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Il.  FREQUENCY BAND DECOMPOSITION OF DISTURBED TRAVELING WAVE SIGNALS

When the fault traveling wave signal arrives at the detection point, it generates a high-frequency mutation
signal, and its mutation point corresponds to the moment when the traveling wave arrives at the detection point.
Considering that the fault traveling wave signal is often accompanied by a large amount of noise when a fault
occurs in the DC distribution network, it is necessary to first decompose the signal into frequency bands to
extract the main frequency component of the fault traveling wave signal for fault localization. In this paper,
ICEEMDAN is used to decompose the fault voltage traveling wave signal at both ends of the current limiting
reactor to extract its main frequency component, which can retain the fault information to the maximum extent
while removing most of the other frequency band noise, accurately extracting the characteristic information of
the fault traveling wave signal, improving the quality of the wave-head, and improving the robustness and
positioning accuracy of the localization algorithm.

ICEEMDAN algorithm is a noise analysis and processing algorithm which is improved on the basis of
Empirical Mode Decomposition (EMD), and improves the continuity of adjacent frequency band signals by
adding white noise, further eliminating the influence of mode aliasing and residual noise, and its algorithm
steps are as follows:

(1) Gaussian white noise is added to the original signal:

X =x+eE (W) (i=12:-n) (1)

Where: X is the original signal; e is the signal-to-noise ratio; W denotes the ith added Gaussian white
noise; El(W) denotes the first IMF component of the noise after EMD decomposition.

(2) Calculate the first decomposition residue
r=(X{"-E(x{)) )
(3) Calculate the first modal component:
IMF, = x—r, (3)
(4) Using the recursive formula IMF, = x —r_, estimate the second residual as a series of I, +¢€,E, (@)

means and define the second modal component IMF, :

IMF, =1, — (1, + &,E, (W) )

(5) Calculate the kth order residual r:
r=(XO-E (X)) )
(6) Calculate the kth order modal component IMF, :
IMR, =1, -1, (6)

(7) Return to step 5 until all IMF components and residuals have been calculated.

After decomposing the traveling wave signal using ICEEMDAN, a series of IMF components can be
obtained, with the first component having the highest instantaneous frequency and the components arranged in
order of magnitude of the instantaneous frequency. Each component is a part of the original signal, and the sum
of the components can be reconstructed as the original signal.
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Figure 1: Simple Original Signal Diagram
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In order to visualize the superiority of the ICEEMDAN algorithm compared to the EMD algorithm, the

paper will compare and analyse to generate a section of the original signal synthesized by the low-frequency

sinusoidal signals and intermittent high-frequency pulses as shown in Fig. 1, respectively, using the EMD

algorithm and the ICEEMDAN algorithm to decompose the signals shown in Fig. 1, and the decomposition
ICEEMDANd@omp%hmp

results are shown in Fig. 2 and Fig. 3, respectively:
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Figure 2: EMD decomposition result of simple original
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Figure 3: Results of ICEEMDAN decomposition of
simple original signal

As can be seen from Fig. 2 and Fig. 3, for a mixed signal consisting of a low-frequency sinusoidal signal
superimposed on an intermittent high-frequency pulse signal, the EMD decomposition shown in Fig. 2 does
not accurately differentiate the low-frequency from the high-frequency signal, and its IMF1 component is still
a low-frequency and high-frequency mixed signal, while its IMF2 component separates about half of the
amplitude of the low-frequency component of the original signal, which is characterized by severe modal
mixing, and it is not possible to effectively utilize the high-frequency transient information contained in the
original signal. effectively utilize the high-frequency transient information contained in the original signal, and
the decomposition effect is poor. The ICEEMDAN decomposition shown in Fig. 3 solves this problem by
separating the high-frequency components of the original signal into its IMF1 and IMF2 components, while the
IMF4 component corresponds to the low-frequency component of the original signal.

For traveling wave localization, ICEEMDAN decomposition can better capture the traveling wave features
in the signal, decompose the non-smooth and non-linear traveling wave signal into smooth multiple local
components, and to some extent, it can eliminate part of the noise and extract the fault feature signal for further
analysis and processing. However, since the decomposed IMF components are all a function oscillating around
zero, it is impossible to directly calibrate the moments corresponding to the traveling wave head, so it is
necessary to adjust other algorithms to accurately calibrate the traveling wave head.

I1l.  WAVE-HEAD CALIBRATION FOR FAULTY TRAVELING WAVE SIGNALS

For the IMF components of different frequency bands after ICEEMDAN decomposition, the following
qualitative analysis can be made: in each IMF component, the larger the proportion of fault transient information,
the more concentrated its energy is, and the larger the proportion of noise, the more dispersed its energy is.

Therefore, the peak-to-average energy ratio K = Ywr can be used to determine the main frequency component of

174
the faulty traveling wave, and then this component can be used to calibrate the traveling wave head.

In practice, discrete TEOs are used to calculate the energy peak-to-average ratio, and the actual collected
discrete current signal will be x(n), and the energy value will be as shown in equation (7):

w(x(n)) = x*(n) = x(n+1)x(n 1) ()

Due to the problem of large amplitude and frequency errors in the traveling wave fault localization using the
TEO algorithm, this paper improves on this basis by adopting the DEO3S to calculate the energy value of each
sampling point of the signal, and then identifies the wave-head through the corresponding instantaneous energy
spectrum to achieve the effect of accurate fault localization.

DEOS3S reduces the error and improves the noise immunity based on the TEO algorithm, expressed as

ox(y] = PO DI+ 2w5x(n)] +yIx(n1)]

(8)

where is the collected time signal, ¢[x(n)] is the instantaneous energy of the nth sample point, and w[x(n)]
is the TEO energy value of the nth sample point calculated by Eq. (7).
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To illustrate the superiority of the DEO3S algorithm over the TEO algorithm, the signal shown in Fig. 1 is also

used as the original signal for testing, and the corresponding instantaneous energy spectra are obtained by using
the TEO and the DEQ3S to compute the original signal, as shown in Fig. 4 and Fig. 5, respectively.
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Figure 4: TEO calculation results for simple raw data Figure 5: Results of DEO3S calculations for simple raw

data
As shown in the figure, although the traditional TEO algorithm can calculate the energy value of intermittent

high-frequency pulses, it ignores the energy of low-frequency sinusoidal signals and is only suitable for extracting
the energy value of the highest frequency signal. The DEO3S algorithm can accurately calculate the energy of both
low-frequency and high-frequency signals (the reason for the higher energy value of low-frequency signals is that
the amplitude of low-frequency sinusoidal signals is much larger than that of high-frequency intermittent signals).

Due to the almost non-existence of industrial frequency AC signals in the DC distribution network, and by the
influence of a large number of power electronic components in the system, the DC distribution network is more
likely to generate high-frequency noise, so the use of TEO algorithm is susceptible to the interference of high-
frequency noise, and the use of DEO3S algorithm can be better extracted fault transient information, with a stronger
anti-noise ability and reliability.

Therefore, this paper adopts the DEO3S algorithm to calculate the energy peak-to-average ratio K value of
each IMF component of the fault voltage traveling wave signal after decomposition, selects the IMF component
with the largest K value as the main frequency component of the fault traveling wave, and constructs the
corresponding instantaneous energy spectrum, and the corresponding moment of the horizontal axis at the point of
the maximum value of energy in the vertical axis of the energy spectrum is calibrated to be the arrival moment of
the first fault wave-head. The distance from the fault point to both ends of the line can be derived from the calibrated
arrival times of the wave-heads at both ends of the line, thus completing the fault localization. This method is
improved on the basis of the traditional method to achieve higher wave-head calibration accuracy and noise
immunity.

IV. FAULT LOCALIZATION METHOD BASED ON ICEEMDAN AND DEO3S

Due to the small amount of transient information that can be used for accurate fault location in the case of
DC bipolar short-circuit faults, only the arrival time of the initial traveling wave head at both ends can be used
for fault location. In this paper, by collecting the voltages of the current-limiting reactors at both ends of the
faulted line, the traveling wave signal of the faulted voltage is subjected to frequency band decomposition based
on ICEEMDAN to select the main frequency components, and then the corresponding transient energy spectra
are constructed by using DEO3S to perform the calibration of the traveling wave head, which is used for
accurate fault location by the principle of traveling wave localization at both ends.

Figure 6: depicts a schematic diagram of double-ended traveling wave fault localization.
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The principle of double-ended traveling wave fault localization is illustrated in Fig. 6. The expression for
fault localization using double-ended wave-head information is as follows:

_ | +(t1_t2)v
mf 2

The moments at which the traveling wave head arrives at the M and N ends are designated as t, and t, ,

L

respectively. The total length of the line is represented by |, the wave speed of the fault traveling wave is
denoted by v, and L represents the length from the fault point F to the M end of the line.

Given that the length of the DC distribution network is considerably shorter than that of the DC transmission
line, the small discrepancy in the traveling wave speed has a minimal impact on the absolute error of fault
localization. Furthermore, the traveling wave speed in the overhead line is nearly equivalent to the speed of
light. Consequently, in this paper, the traveling wave speed, denoted by v, is based on an empirical wave speed
derived from the line parameters. The calibration of the arrival time of the wave head at both ends is
accomplished through the ICEEMDAN decomposition of the faulty traveling wave signal. The main frequency
component is then determined by DEQO3S to extract its instantaneous energy spectrum, thereby enabling the
accurate calibration of the traveling wave head. Following the calibration of the wave head, the arrival time of
the wave head is substituted into Eq. (9) to complete the fault localization process. The schematic diagram of
traveling wave fault localization is deplcted in Flg 7.
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Figure 7: presents a schematic diagram of a traveling wave fault localization technique

As shown in Fig. 7, in the energy spectrum calculated by DEO3S, the X-axis coordinate of the first traveling
wave head is calibrated to 0.033, which means that the arrival moment of the wave head is the 0.033 ms, and
assuming that the fault occurs at the 0 ms and the traveling wave speed is the speed of light, the distance between

the fault point and the measurement point can be calculated by the distance formula L, =t,v to be about 10

km. However, since the actual application cannot accurately know the exact time of fault occurrence, it is
necessary to collect the traveling wave arrival moment t1 and t2 of the fault ends for traveling wave localization.
However, since the actual application cannot accurately know the exact time of the fault occurrence, it is
necessary to collect the traveling wave arrival moments t1 and t2 of the faulty double end to be used for traveling
wave localization.

From Eq. (9), it can be seen that the main error of double-ended traveling wave localization comes from the
moment t; and t, when the calibrated traveling wave head arrives at the two ends of the line, and the method
proposed in this paper has a higher accuracy of the wave head calibration compared with the traditional method,
For the double-ended timing error, a high-precision clock based on the Bei Dou/GPS can be used to reduce the
timing error as much as possible to ensure the accuracy of fault localization.

The specific steps are as follows.

1) Install a traveling wave detection device at the first and last ends of the DC distribution line to detect the
fault traveling wave signal.

2) Decompose the fault traveling wave using the ICEEMDAN algorithm to obtain multiple IMF
components.

3) Calculate the instantaneous energy spectrum of each IMF component using DEQO3S, select the IMF
component with the highest peak-to-average energy ratio to be determined as the main frequency component,
and use its instantaneous energy spectrum to calibrate the traveling wave head.

©)
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4) The corresponding moments of the highest energy points in the instantaneous energy spectra at both ends

are calibrated as the arrival moments t1 and t2 of the faulty traveling wave.

5) The exact location of the fault point is calculated using the double-ended traveling wave localization
formula given in Eq. (9).

In step 4), the calibration of the traveling wave head is carried out simultaneously at both ends of the fault
line. At this juncture, it is not possible to ascertain the precise moment of the actual fault occurrence.
Consequently, t; and t2 do not represent the time of transmission of the fault traveling wave, but rather a specific
moment. Given that the speed of transmission of the traveling wave in the overhead line is nearly that of light,
amere 1 s of time error can result in a positioning error of nearly 300 m. Consequently, the sampling interval
of'the traveling wave fault location device is 1 pus, which corresponds to a sampling rate of. In order to determine
the moment of arrival of the respective faulty traveling waves at the two ends of the line, it is necessary to use
a sampling interval of 1 MHz. However, this is not compatible with conventional ps-level clock timing.
Therefore, it is essential to install a Bei Dou/GPS satellite signal based on a high-precision clock in order to
reduce the positioning error. It is imperative to install a high-precision clock based on Bei Dou/GPS satellite
signals to minimize the positioning error.

The fault localization flowchart is shown in Fig. 8:

@cquisition of fault traveling wave signals at both ends of the Iine)

v

The ICEEMDAN decomposition yields several IMF components

v

DEO3S calculates the instantaneous energy spectrum
and determines the dominant frequency component

v

The highest energy point in the instantaneous energy spectrum of the
main frequency component is calibrated as the traveling wave header

v

Substitute the arrival moments of the traveling wave-heads
at both ends into Eqg. (9) to complete the fault localization

Figure 8: presents a flow chart illustrating the process of traveling wave fault localization
V.  SIMULATION VERIFICATION

A. Simulation Model

The proposed fault localization method is validated using PSCAD/EMTDC, and a simulation model of a
flexible DC distribution line is constructed as illustrated in Fig. 9. In this model, the traveling wave speed of
the overhead line is 2.9829x10° km/s. The reference direction of the DC current is clockwise, and the reference
direction of the voltage of the current-limiting reactor is aligned with that of the DC current.
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+ - —> Z + -
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O—% L Ao Q)
Gl 9 G2
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DC/DC 1 DC/DC 2
p L2
Q
Solar |_|DbC DC| | Solar
power DC fs DC power
oc | [oc 4 L3 <« oc/] [ oc
load load
oC 15km bc

Figure 9: illustrates the structure of a multi-terminal ring flexible DC distribution grid with a voltage rating of £10 kV
The specific parameters illustrated in Fig. 9 are presented in Table 1 and Fig. 10. The simulation sampling
rate is set to 100 kHz, with the DC circuit breaker at the M end of the line depicted in the figure serving as the
simulation test object.
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Table 1: Parameters of the Converter Station

Converter of Control Voltace Ratio Rated Submodule Bridge Arm
Electric Current Strategy & Capacity  Capacitance Reactors
CDSM-MMC1 Constant AC 10kV/DC 10kV  5MVA 500pF 15mH

Voltage
CDSM-MMC2 Constant AC 10kV/DC 10kV  3MVA 500pF 15mH
Voltage
DC/DCI1 MPPT DC 10kV/DC 750V 4MVA 500puF /
DC/DC2 MPPT DC 10kV/DC 750V~ 2MVA 500uF /
6l #G2
10 Em] 18 [m]
L g Frequency Dependent (Phase) Model Options
,{ 1; [l Travel Time Interpolation: On

' Tower: DC2
30 tm] Conductors: chukar

| Ground_Wires: 1/2_HighStrengthSteel
0 [m]

- >

Resistivity: 100.0 [ohm*m]

Aerial: Analytical Approximation (Deri-Semlyen)
Underground: Direct Numerical Integration
Mutual: Analytical Approximation (Lucca)

7

Curve Fitting Starting Frequency:

Curve Fitting End Frequency:

Total Number of Frequency Increments:
Maximum Order of Fitting for Yc:
Maximum Fitting Error for Yc:

Max. Order per Delay Grp. for Prop. Func.:
Maximum Fitting Error for Prop. Func.:

DC Correction:

Passivity Checking:

0.5 [Hz

1.0E6 [Hz]

100
20

0.2 [%]

20

0.2 [%]
Disabled
Disabled

]

Figure 10: illustrates the DC line structure and associated parameters
The multi-terminal ring flexible DC distribution network, as illustrated in Fig. 9, is partitioned into four

sections, designated as M, N, P, and Q. Each DC distribution line employs a frequency-dependent model, with
a sampling frequency of 1 MHz. The proposed method for fault localization in DC distribution networks is
based on the use of an instantaneous fast-action protection scheme for bipolar short-circuit faults. This scheme
employs a data window length of 1 ms for protection calculations and a protection action time of within 1.5 ms.
The method is unified in its approach and is therefore applied uniformly to the 1 ms time window data.

B. Typical Failure Case Analysis

In order to verify the feasibility of the proposed fault location method, a bipolar short-circuit fault is set up
at F1 in Fig. 9 for simulation verification. The distance from the fault location to the M terminal is 15 km, and
the transition resistance is 10 Q. The results of the fault signal band decomposition indicate that the fault line
is L1. To identify the fault location, the voltage traveling signals of the current-limiting reactors are collected
from the M and N terminals. The measured voltages of the M and N terminals are shown in Fig. 11.
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Figure 11: Voltage traveling wave signals measured by current-limiting reactors at M and N
As illustrated in Fig. 11, the current-limiting reactor of the DC distribution network effectively mitigates
the fault current, yet its fault voltage exhibits a pronounced and discernible abruptness. In the absence of noise,
multiple traveling wave-heads are discernible. In order to simulate the noise situation that may exist during a
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real fault, 30 dB of noise is added to the signals measured at the M and N terminals in Fig. 11. The resulting
voltage traveling wave signals are shown in Fig. 12.

15

10

voltage/kV

-0.5

-0.4

-0.3

-0.2 -0.1

0 0.1

time /ms
Figure 12: Voltage traveling wave signal with noise
As an illustrative example, the ICEEMDAN algorithm is employed to decompose the fault voltage traveling
wave signal depicted in Fig. 12, with the resulting decomposition presented in Fig. 13.
ICEEMDAN decomposition
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Figure 13: M-terminal ICEEMDAN decomposition results
The instantaneous energy spectrum of each IMF component is calculated using DEO3S. It is determined

that the IMF1 component exhibits the highest energy peak-to-average ratio, and thus, it is identified as the
primary frequency component. Consequently, the instantaneous energy spectrum of the IMF1 component is
utilized for fault localization, with the point of maximum energy value serving as the calibration reference, as

illustrated in Fig. 14.
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Figure 14: M-terminal DEO3S transient energy

spectrum
35 ‘ ‘ ‘
|- . 4
3 X:0.033
Y:3.097
Sost 1
<
>
&
w 151 7
™
o ﬁ
L
o 1f ‘ ‘ 1
|
\
\
n w I I
0 A»/ VWWWNWNMMVMW\WWW W ‘ ‘ 'J\’WA[ V'\WW
05 04 -03 02 01 0 01 02 03 04
time/ms
Figure 15: N-terminal DEO3S transient energy
spectrum
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Similarly, the instantaneous energy spectrum at the N-terminal is obtained as illustrated in Fig. 15.

From the traveling wave head position calibrated in Fig. 14 and Fig. 15, it can be observed that the arrival
time t1 of the first traveling wave head at the M end is the first 0.05 ms, and the arrival time t2 of the first
traveling wave head at the arrival time at the N end is the first 0.033 ms, and according to Eq. (9), the distance
from the fault point to the M end is calculated to be 15.035 km. This indicates that the localization error is 35
m, which is within an acceptable range. Therefore, the localization is accurate.

C. Method Adaptation Analysis for Variations in Fault Distance and Transition Resistance

In order to evaluate the adaptability of the proposed fault localization method in diverse fault scenarios, a
fault simulation is conducted by establishing distinct fault distances and transition resistor faults, as illustrated
in Fig. 9.

1) Variations in fault distance

In accordance with the typical fault cases outlined in subsection 4.2, the remaining fault conditions are
maintained, with only the fault distance undergoing alteration. The distances from the four different fault
locations (x1, x2, x3, and x4) to the M-terminal are 3 km, 9 km, 15 km, and 22 km, respectively. The

corresponding measured voltages at the M-terminalare U_, U_,, U_.,and U_,, respectively. As illustrated
in Fig. 16, the corresponding voltages at the N-terminalare U, U ,, U ,, and U_,, as shown in Fig. 17.
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Figure 16: Voltage at M-terminal for different fault

Figure 18: DEO3S instantaneous energy spectra for

distances distances

As illustrated in Fig. 16 and Fig. 17, the greater the distance between the fault and the line, the later the
arrival time of the traveling wave. The method proposed in the thesis is capable of extracting fault transient
information for fault location by detecting the voltage waveforms of the current-limiting reactors at both ends
of the line.

A small amount of noise is added to the aforementioned collected signals, and the transient energy spectrum
corresponding to the aforementioned signals is calculated according to the fault localization process depicted
in subsection B. The traveling wave head is calibrated, and the transient energy spectrum corresponding to the
M and N terminals is shown in Fig. 18 and Fig. 19.
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Figure 19: DEO3S instantaneous energy spectra for
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Figure 17: Voltage at N-terminal for different fault
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The fault distance is calculated based on the calibrated traveling wave head time, and the resulting

localization is presented in Table 2.
Table 2: Localization results for different fault distances

Fault M-terminal wave- N-terminal wave- Fault
| . head calibration head calibration location Inaccuracies(m)
ocation . . .
time(ms) time(ms) distance(km)
x1 0.010 0.074 2.955 45
X2 0.031 0.054 9.069 69
X3 0.051 0.034 15.035 35
x4 0.074 0.010 22.045 45

The results of the localization analysis presented in Table 2 demonstrate that the fault localization method
proposed in this paper is capable of accurately localizing faults under varying distances.
2) Different transition resistances

Fault voltage waveform Fault voltage waveform
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Figure 20: Voltage waveforms with different resistors at Figure 21: Voltage waveforms with different N-

M terminus resistors

In accordance with the typical fault case delineated in subsection B, the transition resistance of the faults is
the sole variable, with the transition resistances of the four faults set to 1 Q, 10 Q, 50 Q, and 200 Q, respectively.
The resulting measured voltages at the M-terminal are illustrated in Fig. 20, while those at the N-terminal are
depicted in Fig. 21.

In accordance with the established methodology for fault localization, the instantaneous energy spectrum
corresponding to the aforementioned signals is calculated and the traveling wave head is calibrated. The
resulting instantaneous energy spectra at the M and N terminals are presented in Fig. 22 and Fig. 23, respectively.
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Figure 22: Instantaneous energy spectra of Figure 23: Instantaneous energy spectrum of
DEO3S corresponding to the four faults at DEO3S corresponding to four faults at the N-
the M-terminal side terminal side

As illustrated in Figs. 20 to Fig. 23, an increase in transition resistance is accompanied by a reduction in the
amplitude of fault transient information and a more pronounced waveform distortion. However, the proposed
method in this paper is still capable of accurate calibration of the first fault traveling wave head, even when the
transition resistance reaches 200 Q. The calibration time of the M-end wave head is the first 0.0. The localization
result for the M-end wave head is 15.035 km, with an error of 35 m. The localization result for the N-end wave
head is 0.034 ms, with an error of 35 m.

3) Different fault locations and transition resistances
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To further verify the reliability and localization accuracy of the proposed method, a large number of fault

cases with different fault locations and transition resistors were set up in Fig. 9 for simulation verification. The
resulting fault localization results are shown in Table 3.
Table 3: Localization results for multiple fault cases

Fault Reference  Fault distance Fault Fault location :
location terminal (km) resistance(Q?)  distance(km) Inaccuracies(m)

5 200 5.050 50

i 8 50 8.030 30

f1 M-terminal 14 o0 o 0
21 10 20.993 7

4 60 4.040 40

2 N-terminal 9 30 8.957 43
13 20 12.980 20

17 10 17.003 3

3 5 2.964 36

i 6 15 5.944 56

f3 Q-terminal 9 T o s e
12 120 12.053 47

3 1 2.997 3

fy P-terminal / 30 7.020 20
13 80 12.980 20

18 200 18.046 46

According to equation (9), it can be calculated that when the sampling rate is 1 MHz, the error resulting
from the lack of sampling rate is within £75 m, and the errors of the localization results shown in Table 3 are
all within £75 m. This indicates that the fault localization method proposed in the paper is largely independent
of the fault location and transition resistance. Furthermore, it can accurately calibrate the traveling wave head
under the condition that the transition resistance is not higher than 200€Q, which is highly reliable and accurate
in terms of localization.

D. Comparison and Analysis of Noise Resistance

Given the potential for a considerable amount of noise to accompany faults in the actual DC distribution
network, the paper aims to verify the reliability and accuracy of the proposed method for fault localization
under noise conditions. To this end, the proposed method is subjected to simulation with the addition of
Gaussian white noise, while a comparative analysis is conducted. Furthermore, the proposed method is analyzed
in comparison to the "Wavelet Transform and ESMD Algorithm Based Fault Localization Methods" proposed
in the literature [25] and the "VMD and TEO Algorithm Based Fault Localization Methods" proposed in the
literature [26].

Wavehead detection results at different noise levels
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Figure 24: Detection results of the algorithm in literature [25] with noise
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Wavehead detection results at different noise levels
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Figure 25: Detection results of the algorithm in literature [26] with noise
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Figure 26: Results of the proposed algorithm in the presence of noise
The typical fault case presented in subsection B is utilized as a case study. Three distinct white noise
interference signals, with levels of 30dB, 25dB, 20dB, and 15dB, respectively, are employed. These signals are
subjected to wave-head detection through a variety of methodologies, with the outcomes presented in Fig. 24

to Fig. 26.

As illustrated in the accompanying figures, the algorithm proposed in the literature [25] is capable of
accurately calibrating the wave-head when the noise is minimal. However, due to the wavelet algorithm's
requirement for selecting the optimal basis function, its denoising ability is limited when the noise reaches 15
dB, which occurs when the wave-head has been completely submerged. This may result in inaccurate
calibration of the wave-head, and in some cases, may even prevent the algorithm from recognizing the wave-
head. The algorithm proposed in the literature [26] exhibits slightly enhanced noise immunity and is capable of
effectively removing the majority of noise. However, the TEO algorithm is susceptible to the phenomenon of
modal aliasing, which can result in inaccurate wave-head calibration in the case of 20dB and 15dB noise. This,
in turn, can lead to significant errors in the results of fault localization. The ICEEMDAN-DEQS3S algorithm
proposed in the paper is capable of accurately calibrating the wave-head in the presence of significant noise
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interference, with enhanced noise robustness and localization accuracy compared to the aforementioned

algorithms. This makes it a more practical choice.

VI. SUMMARY

This paper proposes a flexible DC distribution network fault localization method based on ICEEMDAN
and DEQ3S. The aim is to address the limitations of existing methods, which are affected by the initial traveling
wave head calibration accuracy and noise. The proposed method is designed to overcome the inaccuracy and
other problems associated with fault localization. To validate the effectiveness of the proposed localization
method, a flexible DC distribution network line model is built in the PSCAD/EMTDC simulation environment.
The proposed localization method was validated, and the following conclusions were drawn:

1) A flexible DC distribution network fault localization method based on ICEEMDAN and DEO3S is
proposed. The ICEEMDAN algorithm is used to decompose the fault traveling wave, and the DEO3S algorithm
is employed to discriminate the dominant frequency component of the fault traveling wave. The instantaneous
energy spectrum is then extracted by the DEO3S algorithm. The highest energy point is regarded as the wave
head of the fault traveling wave for the calibration and fault localization. This method optimizes the utilization
of fault traveling wave transient information. The fault transient information of a 1 ms short time window can
be employed to complete the fault localization. Furthermore, it enhances the calibration accuracy of the
traveling wave head and noise immunity.

2) Simulation results demonstrate that the fault localization accuracy of this method is within 75 m, and it
is not affected by fault distance, transition resistance, and high noise environment. Therefore, it has good
applicability. Compared with existing DC distribution network fault traveling wave localization methods, the
proposed method improves the localization accuracy while significantly improving the anti-noise ability, which
improves the accuracy and reliability of DC distribution network fault localization and is more suitable for
practical engineering applications.
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