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ABSTRACT Compared with AC power system, DC distribution network is a low-damping system without
natural zero crossing. The DC fault current will reach its peak value within a few milliseconds, posing a
great threat to power electronic devices. Therefore, the rapid and high-precision identification of DC line
faults is one of the technical difficulties faced by the VSC based DC distribution network. In this paper,
a new fault location method based on traveling wave differential current with Hausdorff distance and cubic
spline interpolation is proposed. First, the forward and reverse traveling waves at both ends of the VSC based
DC lines are extracted, the Karenbauer transform is used to decouple the positive and negative electrodes
to obtain accurate fault information. Then, the internal relationship between the differential current and
the fault current is obtained according to the principle of traveling wave transmission invariance, the cubic
spline interpolation algorithm is used to solve the traditional sampling frequency limitation, and the positive
differential current in the interception time window is smoothly displaced. At last, the Hausdorff distance
algorithm is used to analyze the correlation between the translational differential current and the reverse
differential current. The fault location corresponds to the highest correlation. The proposed method uses the
time-domain information at both ends of the VSC based DC lines, and it is less affected by the transition
resistance. Lots of simulation experiments prove that it has a strong anti-noise interference ability and
high reliability, and is less affected by the sampling frequency after cubic spline interpolation. Compared
with traveling wave algorithm based on Pearson correlation coefficient, the method in this paper shows a
significantly shortened error, 27% on average.

INDEX TERMS VSC based DC distribution network, fault location, traveling wave differential current,
Hausdorff distance, cubic spline interpolation.

I. INTRODUCTION
With the rapid development and construction of cities,
the continuous increase of urban loads puts forward higher
requirements on the power supply reliability and power qual-
ity of the traditional AC distribution network, and brings
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a series of problems to the traditional AC distribution net-
work [1], [2]. Compared with the AC network, the voltage
source converter (VSC) based DC distribution network has
the advantages of large power supply capacity, high power
quality, low line loss, high power supply reliability, low
investment cost, flexible control, and suitable for efficient
grid connection of distributed power sources [3], [4]. So it
has received widespread attention all over the world, and has
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become a hot spot for scholars in recent years. However,
the development of VSC based DC distribution system still
faces several key technical problems, among which fault
detection and location method is one of the key technical
problems that limit its development [5], [6]. Therefore, for
the VSC based DC distribution network, quickly and accu-
rately determining the fault location is of great significance to
ensure the safe and reliable operation of the power system [7].

At present, fault location technology of AC power system
and HVDC transmission system is relatively mature. The
VSC based DC system is a low-damping and low-inertia
system, and its impedance of transmission line is very small.
The faults of the system will lead to a rapid rise of current
and a sudden drop of voltage [7]. Therefore, the transmission
line fault should be removed as soon as possible. For the
VSC based DC distribution system, due to the difference
between its topology and fault characteristics and the AC
system, various fault location methods based on sequence
components in the traditional AC power system are no longer
applicable. Traditional protection methods employed in AC
systems, such as impedance relays, are not applicable for
VSC based DC protection [8]. In [8], the fast dyadic wavelet
transform was proposed; however, the method need to deal
with a large amount of data, and the computing speed may be
affected. In [9], voltage derivative scheme was used for DC
fault detection, but the method was very sensitive to noise
interference. Overcurrent protection for VSC-HVDC system
had been studied in [10]. However, the method requires a
high-current threshold value and has low accuracy of high
resistance fault identification.

Traveling wave based line fault-location strategy has been
successfully applied to transmission line fault location in the
conventional HVDC systems. The traveling wave method is
adopted for VSC-HVDC in actual power grid by ABB and
SIEMENS [11]. In [7], the differential voltage traveling wave
using convolution was given, and a data out-of-sync detection
methodology only using the electrical quantities on both
ends of the VSC-HVDC transmission line was discussed.
In [12], a principle of non-unit travelling wave for DC trans-
mission line based on waveform correlation calculation was
proposed. In [13], a traveling wave detection method based
on the symmetrical components was proposed. However,
there are several disadvantages for traveling wave method,
such as no fault direction identification capability, threshold
issue and grounding resistance. Therefore, in [14], a new
travelling wave directional pilot protection was proposed,
which had the abilities to discriminate fault direction and
discriminate fault section reliably. These algorithms take into
account the response speed and selectivity of VSC-HVDC
protection.

Moreover, because the DC distribution network has a
low voltage level and is susceptible to noise interference,
the parameter identification-based fault location methods
commonly used in HVDC transmission systems also have
certain limitations [15], [16]. In [17], the relationship between
the natural frequency of the traveling wave and the reflection

between the fault point and the beginning of the line was
analyzed, and a single-ended fault location scheme was
proposed. In [18], the fault location accuracy by introducing
artificial neural networks was improved. In [19], the machine
learning was applied to fault location, but these methods
require a large amount of learning sample data. In [20],
a fault location algorithm based on current measurement unit
was proposed, which used state evaluation and elimination
technology to eliminate non-faulty sections. After deter-
mining the most probable fault line, the fault location was
calculated separately to obtain accurate results. It obtained a
high location accuracy, but the amount of calculation required
was relatively large. In [21], the transient travelling wave was
used to locate the fault in the transmission time between the
measurement point and the fault point. In [22], the similarity
of the traveling wave difference current for HVDC was
proposed to obtain accurate fault location information based
on the traveling wavemethod. The traveling wavemethod has
high location accuracy. However, the methods of [20]–[22]
require high sampling frequency, and the location errors are
large at low sampling frequency. This problem was solved
in [23], the frequency domain method of DC transmission
line fault location principle was proposed, which reduced the
requirements for sampling accuracy. However, the method is
only suitable for HVDC transmission lines. For VSC based
DC distribution network, the transmission line is short and the
measurement error is large, so the method cannot be applied
well.

The waveform similarity comparison algorithm based on
Hausdorff distance has the advantages of short time win-
dow and small amount of calculation, and has been widely
used in geometric modeling, image recognition and other
fields [24], [25]. It has been introduced into the field of
power system by experts and scholars. It is mainly used to
measure the similarity between graphs, i.e. image matching.
The algorithm considers the difference of overall charac-
teristics of waveforms and discards the detailed features of
graphs. To protect the DC line of VSC based DC system, this
paper proposed a novel VSC based DC distribution system
fault location algorithm based on traveling wave differential
current with Hausdorff distance and cubic spline interpola-
tion. The main contribution of this paper are summarized as
follows:

(1) The new method is based on the characteristics of trav-
eling wave differential current and can accurately reflect the
fault location. The analysis of waveform similarity between
positive and negative differential currents and fault point
current are included. The Karenbauer transform is used to
decouple the positive and negative poles to obtain accurate
fault information, and smoothly shift the forward difference
current in the interception time window.

(2) The Hausdorff distance is selected to process the
fault location data and it measures the matching degree
between two sets of points, which has lower ranging error.
By using Hausdorff distance, the similarity degree of two
groups of data in the translation process can be accurately
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FIGURE 1. Schematic diagram of uniform traveling line fault traveling
wave.

identified, and the effective information of fault location can
be extracted.

(3) The cubic spline interpolation technology is used to
solve the problem of large errors in traveling wave fault loca-
tion at lower sampling frequencies, and to meet the require-
ments of the distribution network for fault location errors.

The rest of this paper is organized as follows. Fault location
mechanism of traveling wave is introduced in Section 2.
The new fault location algorithm based on traveling wave
differential current with Hausdorff distance and cubic spline
interpolation is derived in Section 3. In Section 4, the test
results are given to verified the effectiveness of our fault
detection method. In Section 5, we get the conclusions.

II. FAULT LOCATION MECHANISM OF TRAVELING WAVE
A schematic diagram of a faulty traveling wave in a uniform
transmission line is shown in Fig. 1. The wave flows from
end-m to end-n is defined as forward traveling wave. The
wave flows from end-n to end-m is defined as reverse trav-
eling wave.

The current traveling wave at both ends of mn is
i+m(t) =

um(t)
ZC
+ im(t)

i−m(t) =
um(t)
ZC
− im(t)


i+n (t) =

un(t)
ZC
− in(t)

i−n (t) =
un(t)
ZC
+ in(t)

(1)

where i+m(t) and i
−
m(t) are the forward and reverse current of

traveling waves at the end-m, respectively. i+n (t) and i
−
n (t) are

the forward and reverse current of traveling waves at the end-
n, respectively. um(t) and im(t) are the voltage and current at
the end-m, respectively. un(t) and in(t) are the voltage and
current at the end-n, respectively. imf (t) and inf (t) are the
fault current from the fault point f to point m and point n,
respectively.

According to the traveling wave theory, the positive direc-
tion of the current at both ends of the line is from the bus to the
line, and the current at any point in the line can be regarded as
the superposition of the forward and reverse current traveling
waves.

When the fault is occurred at the internal point f of the
transmission line, the line is divided into line-mf and line-fn.
τm and τn are the propagation delays of the traveling wave
from point f to end-m and end-n, respectively.
1τ is the time difference of traveling wave propagation on

both sides of the fault point, and 1τ is{
1τ = τm − τn

1τ ∈ (−τ, τ )
(2)

The calculating formula of the distance from end-m to fault
point f is

lmf =
τ +1τ

2
v (3)

The propagation delay of the traveling wave from end-m
to end-n is τ . When the line is operating in normal condition,
there is {

i+m(t) = i+n (t + τ )
i−m(t) = i−n (t − τ )

(4)

The differential currents of forward and reverse direction
of the line are{

di+(t) = i+m(t − τ )− i
+
n (t)

di−(t) = i−n (t − τ )− i
−
m(t)

(5)

After the fault occurs, the integrity of the line is destroyed,
and the line-mf and the line-fn meet the transmission invari-
ance of traveling wave respectively, the relationship between
differential current and fault current is{

di+(t) = if (t − τm)
di−(t) = if (t − τn)

(6)

We shift di+(t) backward along the time axis by 1τ time
and get the di+(t −1τ ) as

di+(t −1τ ) = di−(t) (7)

In the translation process, when 1t = 1τ , the waveforms
of di+(t−1τ ) and di−(t) have the highest similarity. Record
the time 1t at this moment and substitute it in Eq.(3), then
we can obtain the desired fault location result.

III. FAULT LOCATION METHOD
A. PHASE-MODE TRANSFORMATION
VSC based DC distribution lines usually consist of positive
line and negative line, that is the bipolar lines. Due to the
electrical coupling between the bipolar lines, it is necessary
to use an appropriate matrix transformation to decouple it
when analyzing the traveling wave transmission process. The
Karenbauer transformation matrix can be used to decouple
the voltage and current between the two poles. The results of
voltage and current of the earth and aerial mode components
obtained after decoupling will be no electrical coupling [26].

For n-phase transmission lines, the Karenbauer transfor-
mation matrix is

S =


1 1 · · · 1
1 1− n · · · 1
...

...
...

1 1 · · · 1− n

 (8)

Take voltage traveling wave as an example. The phase-
mode transformation is obtained by inverse matrix form of
Karenbauer transformation matrix S. And its transformation
form is

Um = S−1U (9)
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whereUm is the mode voltage vector.U is the voltage vector.
S−1 is the inverse matrix of Karenbauer transformation.
Therefore, the Karenbauer transformation form of the DC

distribution line is[
um0
um1

]
=

1
√
2

[
1 1
1 −1

] [
ua
ub

]
(10)

where um0 and um1 are the earth mode and aerial mode
voltage vectors, respectively. ua and ub are the positive and
negative voltage vectors, respectively.

The parameters of DC lines have frequency-dependent
characteristics. It can be seen from Eq.(3) that the accuracy
of fault location is directly related to the wave speed of a
certain frequency. The earth mode parameters are affected
by the ground loop impedance, and its wave speed varies
significantly with various frequency. For this reason, this
paper uses single aerial mode component to implement the
fault location algorithm.

B. HAUSDORFF DISTANCE THEORY
Hausdorff distance is a measure of similarity between two
sets of points [24], [25]. For the given two sets of finite points:

A = {a1, . . . , an} B = {b1, . . . , bn} (11)

We choose a point ai in point set A, then we calculate the
Euclidean distances between ai and each point bk in point set
B [24]. Then we arrange them in accordance with size order
and find the closest point bj to ai, making bj satisfy:∥∥ai − bj∥∥ ≤ ‖ai − bk‖ , 1 ≤ k ≤ n (12)

where ‖a− b‖ is the Euclidean distance between a and b.
bk is a point in point set B. And

∥∥ai − bj∥∥ in Eq.(12) is the
minimum distance corresponding to ai points:

min
bk∈B
‖ai − bk‖ =

∥∥ai − bj∥∥ (13)

We define h(A,B) as the Hausdorff unidirectional distance
from A to B. For all elements in A, the maximum value
satisfying Eq.(13) is:

h(A,B) = max
ai∈A

min
bj∈B

∥∥ai − bj∥∥ (14)

By analogy, We define h(B,A) as the Hausdorff unidirec-
tional distance from B to A. For all elements in B, the maxi-
mum value satisfying Eq.(13) is:

h(B,A) = max
bj∈B

min
ai∈A

∥∥bj − ai∥∥ (15)

We define H (A,B) as the Hausdorff distance between A
and B. It is the larger value of the Hausdorff one-way distance
between A to B and B to A.

H (A,B) = max(h(A,B), h(B,A)) (16)

In the comparison of waveform similarity, the Hausdorff
distance between the two sets of waveforms indicates the
maximum data difference. The smaller the Hausdorff dis-
tance, the smaller the maximum data difference and the
higher degree of similarity.

C. CUBIC SPLINE INTERPOLATION
The cubic spline interpolation is a function composed of
several cubic polynomials in its definition domain. It has the
second-order continuous derivative at the connection point.
The cubic spline interpolation function has fewer interpo-
lation times, faster interpolation speed, and easy to solve
undetermined coefficients. And its interpolation curve has
good smoothness and reliable stability, so it has been widely
used in multi-point interpolation [27], [28].

We suppose that n+1 nodes are taken from interval [a, b],
a = x0 < x1 < · · · < xn = b. And the function f (xi) =
fi(i = 0, 1, 2, . . . , n) of these nodes is given. If S(x) meets
the following conditions:

1) It has the second order continuous derivative in
interval [a, b].
2) In each subinterval of [xi, xi+1] (0 ≤ i ≤ n− 1), S(x) is

a cubic polynomial.
3) If the interpolation condition S(xi) = fi, i =

0, 1, 2, . . . , n is satisfied, then S(x) is called cubic spline
interpolation function.

The cubic spline interpolation function is a piecewise cubic
polynomial, and in each subinterval [xi, xi+1], there are:

S(x) = aix3+bix2+cix + di, i = 0, 1, 2, . . . , n− 1 (17)

where ai, bi, ci, di are the undetermined coefficients. There-
fore, from the definition of the cubic spline interpolation
function, it can be seen that the solution of S(x) can be
get by solving the four undetermined coefficients in each
minimal interval [xi, xi+1]. The number of minimal interval
is n. So there are 4n unknowns need to be determined, and
there must be 4n corresponding conditions.
Since S(x) has second-order continuous derivative in inter-

val [a, b], the following continuous conditions should be met
at node xi(i = 1, 2, . . . , n− 1):

S(xi − 0) = S(xi + 0)
S ′(xi − 0) = S ′(xi + 0)
S ′′(xi − 0) = S ′′(xi + 0)

(18)

The 3(n − 1) interpolation conditions can be determined
by Eq.(18). n + 1 interpolation conditions can be deter-
mined according to interpolation condition S(xi) = fi, i =
0, 1, 2, . . . , n. So far, there are 4n − 2 conditions, and the
interpolation function S(x) can be solved with other two
boundary conditions.
There are three common boundary conditions:
The first type of boundary condition: Given the first deriva-

tive value at two endpoints: S ′(x0) = f ′(x0), S ′(xn) = f ′(xn).
The second type of boundary condition: Given the second

derivative value at two endpoints: S ′′(x0) = f ′′(x0), S ′′(xn) =
f ′′(xn). Under special circumstances, there is f ′′(x0) =
f ′′(xn) = 0, and this is called the natural boundary.
The third type of boundary condition: If S(x) is a function

of period b-a, then S(x) satisfies the following conditions at

VOLUME 9, 2021 31249



Y. Wei et al.: Fault Location of VSC Based DC Distribution Network Based on Traveling Wave Differential Current

the endpoints:
S(x0 + 0) = S(xn − 0)
S ′(x0 + 0) = S ′(xn − 0)
S ′′(x0 + 0) = S ′′(xn − 0)

(19)

The spline function S(x) solved in Eq.(19) is called the
periodic spline function.

D. FAULT LOCATION MECHANISM OF THE
NEW METHOD
According to the above analysis, the fault locationmechanism
of the new algorithm in this paper can be obtained:

1) The reverse traveling wave differential current di−(t) is
taken as the reference standard.

2) The forward traveling wave differential current di+(t) is
shifted along the time axis by 1t to get di+(t −1t).
3) Compare the waveform of di+(t −1t) with di−(t), and

get the similarity between them.
4) When1t = 1τ , di+(t−1t) and di−(t) should have the

highest similarity.
5) Substitution the data obtained in lmf = τ+1τ

2 v and the
fault distance is got.

The detailed implementation steps of the new algorithm is
as follows:
Step 1: Obtain the voltage and current signals at both ends

of the DC lines through the signal acquisition device.
Step 2:Determinewhether the sampling frequency exceeds

100kHz. If yes, go to Step 3; if no, go to Step 4.
Step 3: Perform cubic spline interpolation on fault location

data.
Step 4: Decouple of bipolar voltage and current using

Karenbauer transformation.
Step 5: Calculate the forward and reverse traveling wave

currents of two-terminal lines, and define forward and
reverse differential current according to traveling wave
characteristics.
Step 6: Shift the forward differential current gradually

while taking the reverse difference current as a reference.
Step 7: Calculate the similarity between the forward dif-

ferential current and the reverse differential current after
translation via Hausdorff distance.
Step 8: Record all translation data and take the maximum

value, get the corresponding translation time of the maximum
value, which is the best displacement time difference.
Step 9: Substitute the best displacement time difference

into the fault location formula to get the accurate fault
distance.

The procedure of the new algorithm in this paper is sum-
marized in Fig. 2.

IV. SIMULATION VERIFICATION
The VSC based DC distribution system model is shown
in Fig. 3 [29]. AC power supplies and transformers are
installed at the extremity of the system, which are connected
to the DC lines through converter stations. DC breakers

FIGURE 2. Detailed implementation steps of the new fault location
algorithm.

FIGURE 3. VSC based DC distribution system model.

are installed at the beginning of the DC lines. In Fig. 3,
C1 represents parallel connected capacitor. L1 and R1 rep-
resent compensation inductor and resistance of DC lines,
respectively.

A. FAULT SIMULATION ANALYSIS
As shown in Fig. 3, a ±10kV VSC based DC distribution
system is built in MATLAB/Simulink, and the parameters of
the system are shown in Table 1. The length of each line is
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TABLE 1. Parameters of VSC based DC distribution system.

FIGURE 4. Equivalent circuit diagram with monopole grounding fault.

FIGURE 5. Results of fault traveling wave differential current.

10km, and the sampling frequency of the system is 200 kHz.
The required data window length is 10ms. Fig. 4 is the system
equivalent circuit when the system has a monopole grounding
short-circuit fault. The circuit uses a three-phase full-wave
bridge converter. The valve numbers of the upper half bridge
areD1,D3,D5, respectively, and the lower half bridge areD2,
D4, D6, respectively. Esabc is three-phase AC power supply.
Isabc and Idc are three-phase AC current and current of DC
lines, respectively. R and L are resistance and inductance
of AC system, respectively. Rb and Lb are resistance and
inductance of DC lines, respectively. C is DC filter. Rf is
ground resistance.

Fig. 5 is the fault traveling wave differential current after
a monopole grounding short-circuit fault occurs in the VSC
based DC system at 0.4s. It gives a forward differential
current of aerial mode di+1 (t), a reverse differential cur-
rent of aerial mode di−1 (t), and an intercepting segment of
forward differential current of aerial mode after translation

TABLE 2. Fault location error under different fault distances and
transition resistances.

di+1 (t −1τ ). From Fig. 5, it can be seen that there is a high
similarity between di+1 (t − 1τ ) and di−1 (t) after translation,
and the fault distance can be calculated.

B. THE INFLUENCE OF FAULT DISTANCE AND TRANSITION
RESISTANCE ON THE ACCURACY OF THE NEW
ALGORITHM
Three cases are considered. The distances between the bus
and the fault location are set to 1km, 5km, and 9km, respec-
tively, that is, the fault points are set at the beginning, mid-
point and extremity of the transmission line. The transmission
lines of the VSC based DC distribution system are usually
cables, in order to analyze the influence of transition resis-
tance on fault, so the transition resistance of the DC system
is generally small. Then the transition resistances are set to
be 0.1�, 1�, and 10�, respectively. The simulation results
are shown in Table 2. The criterion for the new fault location
method is given:

Kerror=
|Measuring results−Fault distance|

Line length
×100% < 1%

(20)

where Kerror is the criterion of the fault detection. 1% is the
threshold value.

If the value of Kerror exceeds the threshold value, it indi-
cates that the failure of the method. Otherwise, the new
method is successful in this case.

It can be seen from Table 2 that the fault location errors
are kept within 0.556%, and the error increases with the
increase of transition resistance. This is caused by the short
transmission line of distribution network, and the line resis-
tance is smaller than the transition resistance. Under vari-
ous fault positions, the fault location errors are kept in a
small range, indicating that the method can be applied to the
whole line.

Seen from Table 2, the new fault location method proposed
in this paper can obtain reliable fault location results under
different fault locations and transition resistances, which can
realize accurate fault location across the entire distribution
network, and the positioning accuracy is less affected by the
transition resistance.
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TABLE 3. Fault location error under different noise interference.

C. THE INFLUENCE OF NOISE INTERFERENCE ON THE
ACCURACY OF THE NEW ALGORITHM
In order to test the influence of noise interference on the accu-
racy of the proposed new fault location algorithm, Gaussian
white noise is superimposed on the original waveform data.
The signal-to-noise ratio (SNR) of the measuring device is
usually not less than 30dB [30]. Table 3 shows the fault loca-
tion errors under the condition of superposition of Gaussian
white noise with SNR of 30, 40 and 50 dB, respectively.

Seen from Table 3, the fault location errors are kept within
0.833%. Because the fault current is relatively small when
the monopole grounding fault occurs, the noise influence
makes the fault location accuracy of the algorithm slightly
reduced. With the increase of the fault transition resistance,
the fault current further decreases, and the noise interference
on the fault location accuracy is further intensified. Due to
the randomness of white noise itself, there may be cases
where some noises with lower SNR have larger fault location
errors. However, with the decrease of noise intensity, the fault
location errors generally present a downward trend.

In general, the new fault location algorithm proposed in
this paper can still ensure high fault location accuracy in the
case of noise interference.

TABLE 4. Fault location error under different sampling frequencies.

D. THE INFLUENCE OF SAMPLING FREQUENCY ON THE
ACCURACY OF THE NEW ALGORITHM
The fault location methods based on the traveling wave have
relatively high fault location accuracy, but these methods
require high sampling frequency: the traveling wave fault
location methods have a larger error at a lower sampling
frequency. Table 4 shows the fault location results when the
sampling frequency are 10kHz, 100kHz, and 200kHz, respec-
tively. It can be seen from Table 4 that when the sampling
frequency is reduced, the fault location accuracy of the algo-
rithm decreases. At the sampling frequency of 10kHz, most
of the fault location errors have exceeded the criterion Kerror,
indicating that this sampling frequency cannot accurately
locate the fault.

In order to solve this problem, the idea of interpolation is
introduced. Interpolation is an important method of discrete
function approximation. It can be used to estimate the approx-
imate value of the function at other points through the value
of the function at a finite number of points. In the case of low
sampling frequency, the interpolation of the original sampling
points or fault location function can improve the fault location
accuracy.

Therefore, in order to improve the fault location accuracy
at a lower sampling frequency, this paper adopts cubic spline
interpolation on the sampled data at 10kHz, and reduces
the sampling interval to improve the fault location accuracy
of the algorithm. Table 5 shows the fault location results
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TABLE 5. Comparison of fault location error after cubic spline
interpolation.

obtained by using cubic spline interpolation data. It can be
seen from Table 5 that the errors of the fault location results
after interpolation are reduced to a certain extent compared
with that before interpolation, all fault location results at the
sampling frequency of 10kHz are within the criterion Kerror.
Therefore, the method proposed in this paper is not only

suitable for high sampling frequency, but also can improve
the fault location accuracy of the algorithm by cubic spline
interpolation on the original data under the condition of low
sampling frequency.

E. COMPARISON BETWEEN THE NEW ALGORITHM AND
TRADITIONAL ALGORITHM
In order to verify the advantages of the proposed new algo-
rithm, the traveling wave algorithm based on Pearson cor-
relation coefficient (PCC) [23] is used to compare the fault
location results. Table 6 shows the results of fault location
error of PCC under the same fault. The results of Table 6 con-
sist of various sampling frequency, fault distances, transition
resistances, location results, and so on.

Table 7 shows the fault location errors of the algorithms
based on PCC and the new algorithm when the fault occurs
at 1km, and the shortened errors of the new algorithm
compared to the method based on PCC. As can be seen
in Table 7, the average shortened error is 27%. Accord-
ing to Table 6 and 7, the algorithm based on PCC has a
higher degree of errors under the same conditions, which is
extremely inappropriate in the short line distribution network.
And it is very likely to cause the inability to determine the
precise fault location.

The intuitive comparison of fault location errors between
the algorithm based on PCC and the new algorithm based
on Hausdorff distance in this paper under different sam-
pling frequency is shown in Fig. 6. Fig. 6 shows the error

TABLE 6. Fault location error of algorithm based on PCC under the same
fault.

TABLE 7. Comparison of fault location error between algorithm based on
PCC and the new algorithm.

comparison of the two methods under different transition
resistances. It can be clearly seen from Fig. 6 that the
algorithm based on Hausdorff distance has significantly
improved fault location accuracy compared with the algo-
rithm based on PCC. This is due to the use of Haus-
dorff distance and cubic spline interpolation in this paper.
The combination of Hausdorff distance and cubic spline
interpolation is an effective data processing method, which
reduces the fault location error of distribution lines, and has
good fault location results under different transition resis-
tances and different degrees of noise interference. Moreover,
at lower sampling frequency, the matching degree of cubic
spline interpolation and Hausdorff distance is higher, which
greatly reduces the fault location error under low sampling
frequency.
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FIGURE 6. Comparison of fault location error between the traditional
algorithm and the new algorithm.

V. CONCLUSION
This paper proposes a new fault location algorithm for VSC
based DC distribution networks. Based on the similarity
between the forward and reverse traveling wave differential
current waveforms, the Hausdorff distance algorithm is used
to characterize the similarity between the twowaveforms, and
extract the fault location information. By performing cubic
spline interpolation on the waveform data, the fault location
error of the algorithm is reduced to a certain extent, and the
fault location accuracy is improved:

(1) The method proposed in this paper is less affected
by transition resistance and sampling frequency, which has
strong anti-noise interference ability, and can accurately
locate faults on the entire line.

(2) The Hausdorff distance algorithm is used to analyze
the correlation between the shifted forward difference current
and reverse difference current, and the highest degree of
correlation is the fault location. The location principle of the
criterion is clear, and it is easy to judge whether the fault
location is successful or not.

(3) The cubic spline interpolation method interpolates the
data at low sampling frequency to fit a smooth waveform,
which significantly reduces the fault location error and over-
comes the limitation of sampling frequency on traveling wave
fault location method.
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