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ABSTRACT To solve the problem of the location of the fault point of single-pole-to-ground faults in the
transmission lines of MMC-HVDC systems, this paper designs a fault location system based on support
vector machine (SVM). The waveform of the traveling wave after the fault occurs is collected as a feature,
and the regression mechanism of the SVM is utilized to achieve fault location. Because it is very difficult to
locate high-resistance ground faults, this paper first analyzes the waveform characteristics of high-resistance
ground faults. Next, three steps are proposed to reduce the influence of grounding resistance on fault location.
These steps include using the active pulse waveform as a new feature, classifying the samples according to
ground resistance values before training regression models, and a method for adaptively extracting fault
distance features is proposed. Finally, a complete location system design is proposed, and its workflow is
illustrated. After the simulation test, the proposed location system only needs to obtain a single-ended fault
voltage waveform at a fault recording frequency of 20 kHz to achieve an accurate location of single-pole-
to-ground faults for different values of grounding resistance.

INDEX TERMS Active pulse, fault location, high-resistance fault, MMC-HVDC system, SVM, single-end
measurement.

I. INTRODUCTION
Modular multilevel converter (MMC) technology has gradu-
ally replaced two-level or three-level voltage source convert-
ers (VSCs) as a new direction for the development of flexible
DC transmission technology. The MMC-HVDC system has
many advantages, such as a low switching frequency, low
operating loss, high efficiency, and high reliability. It has
broad application prospects in the fields of new energy
generation through grid connections, urban distribution net-
work capacity expansion, and long-distance load power
supply [1], [2].

The transmission lines of MMC-HVDC are generally long
and pass through various complicated terrains along the way,
which tends to result in various line faults. It is usually
built in the wilderness and exposed to unpredictable envi-
ronment, so its failure rate will be higher than other power
systems [3]. In general, disconnection faults and pole-to-pole
short-circuit faults are usually caused by external mechanical
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stresses, usually producing permanent faults. Ensuring the
safe and reliable operation of the transmission line will ensure
the stable operation of the system and the power system
in neighboring areas and even the entire grid skeleton [4].
Therefore, once a fault is detected, the converter stations
at both ends are isolated and go out of operation. How-
ever, when a single-pole ground fault with a small current
ground occurs, the converter station is not isolated, and the
line can continue to transmit power [5]. Therefore, when a
single-pole ground fault occurs in the MMC-HVDC system,
if the fault point can be quickly and accurately found, the fault
can be eliminated in time, the line can be repaired, and
normal operation of the system can be resumed in a short
time.

At present, fault location in HVDC transmission lines is
mainly based on the traveling wave theory. The traveling
wave method can be divided into single-ended method and
double-ended method. In general, the measurement accuracy
and reliability of the double-ended methods are higher than
those of the single-ended method, but the double-end method
needs to maintain recording time synchronization at both
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ends of the line [7], which increases equipment cost and
technical requirements.

Although the traveling wave method is currently the
most mainstream line fault detection and line fault location
method, the traveling wave method also has some inherent
defects [8]. The traveling wave method has some inherent
defects. The accuracy of fault location depends on the sam-
pling frequency of the fault recorder. Whether the arrival time
of the traveling wave can be accurately detected is the key to
successful location [9]. Accurate location using the traveling
wave method also relies on accurate measurement of the
traveling wave velocity, which is not easy to implement in the
MMC-HVDC transmission line, especially in the case where
the transmission line is a cable [10]. In addition, the influence
of the grounding resistance cannot be ignored. In the event
of a high-resistance ground fault, the transient signal decays
faster, and the fault characteristics are not clear, which leads
to a large location error.

In response to the inherent flaws of the traveling wave
method, scholars have proposed different solutions. Refer-
ence [11] proposed a method for determining fault points
based on natural frequency values. This method does not
need to detect the arrival time of the surge, thus reducing
the requirements for the sampling frequency, but the influ-
ence of the grounding resistance on the frequency compo-
nent cannot be avoided. Liang et al. proposed a nonsyn-
chronous double-ended fault location method based on Berg-
erian theory [12], which can achieve accurate ranging without
double-end time synchronization. According to the relation-
ship between the natural frequency value and the distance
to the fault and the traveling wave speed. A single-ended
positioning method is proposed to avoid the requirement of
high sampling frequency [13]. Bi et al. proposed an inactive
pulse generation method based on MMC-HVDC submodule
control [14]. The continuous pulse traveling wave generated
by such artificial control is less affected by the grounding
resistance than the fault traveling wave, but its measurement
accuracy still depends on the arrival time of the high sampling
rate detection pulse.

In recent years, some scholars have tried to use various
intelligent algorithms to implement line fault location as a
pattern recognition problem. Farshad and Sadeh [15] pro-
posed to realize fault location based on k-nearest neigh-
bor classification and discrete Fourier transform, but this
method is not suitable for current transformer saturation.
Reference [16] used a neural network for fault location.
Lan et al. [17] proposed a high-voltage DC fault location
method based on a one-dimensional convolutional neural
network. However, CNN model training requires large-scale
training samples, and the accuracy of the method is not veri-
fied at low sampling frequencies. SVMhas good performance
in fault detection and location of transmission lines because
of its advantages in handling small-scale samples at high lat-
itudes [18]. Reference [19] proposed a method of grounding
fault detection using wavelet decomposition combined with
convolutional neural network. Johnson and Yadav [20] used

the support vector machine (SVM) regression mechanism to
achieve high location accuracywhen the grounding resistance
factor is not considered. The accuracy of location can be
improved by improving the performance of the SVM [21]
or optimizing the process of manually extracting features in
combination with other algorithms [22].

This paper analyzes the waveform characteristics of the
voltage fault traveling wave and the active pulse proposed
in [14] when different grounding resistance fault values
occur. In this paper, a single-ended comprehensive fault loca-
tion system based on the regression mechanism of SVM
is proposed. According to the fault characteristics of the
waveform, this paper proposes a method for extracting dis-
tance features using phase-mode transformation and com-
plete ensemble empirical mode decomposition with adaptive
noise (CEEMDAN) decomposition. Then, SVM classifica-
tion and regression mechanisms are used to achieve fault
location, and finally, a comprehensive system architecture
suitable for practical engineering is designed. In this paper,
an MMC-HVDC single pole-to-ground fault location method
based on active pulses and CEEMDAN is proposed. It is
designed to achieve accurate location of fault points when
single-pole ground faults with different fault grounding resis-
tance values occur. In view of the various links in the training
process of the SVM regression model, this paper proposes
different methods to reduce the influence of grounding resis-
tance on fault location. This paper uses PSCAD/EMTDC
software to establish a 200-level MMC-HVDC model to
simulate faults and obtain the faulty pole-to-ground voltage
waveforms. The simulation proves that the system can accu-
rately locate the ground fault point when the fault recording
frequency is 20 kHz, and the average error of the ranging is
controlled within 0.5 km.

II. RESEARCH ON FAULT WAVEFORM CHARACTERISTICS
A. STRUCTURE TOPOLOGY OF THE MMC-HVDC SYSTEM
The bipolar MMC-HVDC structure is shown in Fig. 1. The
converter station has three phases, each phase consisting of
an upper arm and a lower arm. Each phase unit is composed
of 2N cascaded submodules, and the upper and lower bridge
arms each have N cascaded submodules. In addition, a bridge
arm reactance is connected in series with each bridge arm.
Most MMC-HVDC systems that have been put into oper-
ation generally use the DC-side grounding method, that is,
the grounding method of the DC-side clamped large resistor
or clamp capacitor, as shown in Fig. 1.

The submodule is the basic component of MMC-HVDC.
Without considering the redundant submodule, there are 2N
cascade submodules for each phase and N for each of the
upper and lower arms. The submodule of the half-bridge
structure is shown in Fig. 1. T1 and T2 represent IGBTs,
D1 and D2 represent antiparallel diodes, and C represents a
DC-side capacitor of the submodule. The submodule in the
working state has two working states of input and bypass.
As shown in Fig. 2, controlling the turn-on and turn-off
of IGBT1 and IGBT2 can switch the working state of
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FIGURE 1. Topology of MMC-HVDC.

FIGURE 2. Two states of SM. (a) Insert state. (b) Bypass state. (c) Insert
state. (d) Bypass state.

the submodule. The input state is shown in Fig. 2(a)(c).
At this time, T1 is turned on, T2 is turned off, current flows
through the submodule capacitor, and the output voltage of
the submodule is the capacitor voltage Uc. The charging or
discharging of the submodule capacitor depends on the flow
direction of the submodule current. The bypass state is shown
in Fig. 2(b)(d). At this time, T1 is turned off, T2 is turned on,
the current does not flow through the submodule capacitor,
and the submodule output voltage is zero.

B. PRINCIPLE OF ACTIVE PULSE GENERATION
If several submodules in the input state are converted to the
bypass state and then restored to the input state in a short time,
a voltage drop occurs in the bridge arm for a short period
of time. This voltage drop propagates along the transmission
line, which is equivalent to sending a low-voltage pulse down
the line. This process can be achieved by changing the T1 and
T2 control signals. For example, to cut off several submodules
of the upper arm, at time t1, the control signal of the submod-
ule that needs to be cut is changed to a bypass signal and is
restored to the input signal at time t2. The series submodule
voltage on this bridge arm appears as shown in Fig. 3(a).

FIGURE 3. Production of the active pulse. (a) SM voltage drop. (b) Line
voltage drop.

FIGURE 4. Waveform of different fault points.

The active pulse actually propagating in the line is shown
in Fig. 3(b).

C. COMPARISON OF FAULT WAVEFORM AND ACTIVE
PULSE WAVEFORM
A positive ground fault occurs at 1 s, and an active pulse
occurs at 1.2 s. Faults are simulated at different fault points
and different grounding resistances, and the voltage fault
waveform of the fault pole is recorded, as shown in Fig. 4 and
Fig. 5. The fault point position feature mainly mentions the
position of the extreme value of the high-frequency compo-
nent in the waveform, and the different grounding resistance
values do not change the position where the extreme value
occurs. For fault voltage waveforms, the grounding resis-
tance has a greater impact on the overall waveform than the
fault point distance. As the grounding resistance increases,
the decay rate of the voltage waveform slows down, and
the high-frequency components in the waveform decrease.
Different transition resistances and different fault locations
are two important factors that affect the fault traveling wave.
How to reduce the impact of transition resistance factors on
the fault voltage waveform to better extract the fault location
characteristics from the waveform has become the key to
accurate fault location. Although the fault pole voltage drops
to 0 V, due to the effect of the traveling wave process of
the transmission line, the active pulse at the time of the
fault contains abundant frequency components and has an
obvious transient process. Therefore, fault detection based on
the characteristics of the active pulse can be deeply explored
to achieve accurate and reliable unipolar ground fault loca-
tion. In contrast, the grounding resistance has a relatively
small influence on the waveform of the active pulse, so the
waveform difference can reflect more fault point distance
characteristics. Even so, the effect of the grounding resistance
cannot be ignored.
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FIGURE 5. Waveform of different grounding resistance values.

FIGURE 6. Training process and optimization methods of the SVM
regression model.

III. FAULT LOCATION METHOD
From the analysis in the previous part, it can be seen that
the fault distance feature is contained in the high-frequency
component of the fault traveling wave, so this part will per-
form deep location feature extraction for the active pulse.
Therefore, an MMC-HVDC single pole-to-ground fault loca-
tion method based on active pulses and CEEMDAN is pro-
posed. This paper will optimize the three key steps in the
process. First, phase-to-mode transformation is used to
decouple the fault waveform and extract the line-mode
component. Then, each fault line modulus component is
decomposed through the CEEMDAN algorithm, and the
characteristic waveform of the decomposition result is recon-
structed. Finally, the reconstructed waveform is sent to the
SVM regressionmodel to obtain the final fault location result.
It should be noted that the fault voltage waveforms with
large differences in transition resistance values have great
differences. If the feature vectors with large differences in
resistance values are directly sent to the SVM for training,
the positioning results will be seriously interfered with by
transition resistance factors. Therefore, prior to fault location,
the feature vector is classified according to a certain range
of transition resistance to reduce the influence of transition
resistance factors on the location result.

In this section, the method of extracting the distance fea-
ture after feature waveform reconstruction using phase-mode
transformation and CEEMDAN is described in detail, and the
working principle of the support vector machine is briefly
described. The conventional process of regression prediction
is shown in Fig. 6.

A. PHASE-MODE TRANSFORMATION
For actual large-scale bipolar high-voltage direct current
transmission lines, most of the time is spent in the bipolar
operating state, and the coupling between the bipolar trans-
mission lines cannot be ignored. The coupling phenomenon is

especially noticeable when the line fails. Therefore, the phase
mode conversion must be performed on the line before using
the traveling wave information. The phase-mode transforma-
tion in the transmission line refers to the introduction of the
decoupling matrix, i.e., Eq. (1) into the differential equation
of the transmission line, i.e., Eq. (2) [23]. Therefore, the orig-
inal voltage signal is decoupled into a line mode component
and a groundmode component. The groundmode component
is greatly affected by the geographical environment and fre-
quency, while the line mode component is less affected by the
frequency, so the linemode component is more stable than the
ground mode component. In this paper, the collected voltage
is first subjected to phase-mode transformation, and the linear
modulus component is extracted as the preliminary extraction
of the traveling wave characteristics.
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B. EMPIRICAL MODE DECOMPOSITION AND ITS
IMPROVED ALGORITHM
Empirical mode decomposition is a decomposition method
proposed by Huang to address nonlinear and nonstationary
signals. The method adaptively decomposes the original sig-
nal into multiple intrinsic mode functions (IMFs) from high
frequency to low frequency. Compared with other signal
processing methods, such as wavelet analysis, EMD decom-
position does not need to set the basis function in advance,
which overcomes the characteristics of relying on subjective
experience. The distance feature is mainly reflected in the
extreme point position of the waveform, so use of the EMD
method is considered to remove the residual of the original
waveform decomposition and several low-frequency compo-
nents, highlighting the extreme point characteristics of the
waveform.

However, when dealing with intermittent signals, pulse
signals, and noise-containing signals, modal aliasing is prone
to occur. Modal aliasing refers to the feature time scales
that contain extreme differences in an IMF or similar feature
time scales being distributed in different IMFs, resulting in
aliasing of adjacent IMF waveforms, mutual influence, and
illegibility.

Ensemble empirical mode decomposition (EEMD)
improves the EMD method by eliminating the effects of
modal aliasing in EMD by adding auxiliary white noise
multiple times. On the basis of EEMD, complete ensemble
empirical mode decomposition with adaptive noise (CEEM-
DAN) and with adaptive white noise is proposed, which adds
adaptive white noise at each stage of decomposition and
obtains each IMF by calculating a unique residual signal.
Compared with the EEMD method, regardless of the number
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FIGURE 7. CEEMDAN decomposition results.

of ensembles, the reconstruction error is almost zero, and the
decomposition process has completeness, which overcomes
the problem of the low efficiency of EEMD decomposi-
tion [24], [25]. The main difference between EMD and its
improved algorithm is reflected in the method of adding
auxiliary noise. The basic structure can be expressed as
Eq. (3), where r(t) is the residual.

s(t) =
n∑
i=1

imfi(t)+ r(t) (3)

Taking a single-pole grounding fault of 100� occurred at
100km from the rectifier side as an example, the result of
CEEMDAN decomposition of the fault voltage waveform is
shown.

C. SUPPORT VECTOR MACHINE
Support vector machine is a supervised machine learning
model based on VC dimension theory and the structural risk
minimization principle. It has unique advantages in solv-
ing small-sample, nonlinear or high-dimensional problems
and is often used for high-dimensional pattern recognition.
As a mature algorithm, support vector machine is widely
used in classification and regression problems in various
fields.

SVM is essentially a linear classifier. However, in solving
practical problems, most of the problems we encounter are
linear indivisible problems. For nonlinear cases, the SVM
processing method is used to select a kernel function by
mapping the data to a high-dimensional space [26]. Then,
the optimal classification surface is found to solve the prob-
lem of linear inseparability in the original space, as shown
in Fig. 8. The Gaussian kernel function is the most widely
used kernel function, and it can achieve ideal results in vari-
ous problems.While using theGaussianRBF kernel, there are
two parameters that can be varied: c and g, where parameter
c is the penalty factor, which is the tolerance for the error.
The parameter g is associated with the RBF function as the
selected kernel, which reflects the distribution of the support
vector after the data are mapped to the new feature space.

FIGURE 8. Kernel trick.

Finding the optimal c and g parameters is requiredwhen using
the Gaussian RBF kernel.

The method of support vector regression was proposed by
Drucker. Its goal is to find a y1 function f(x) that has the
greatest deviation ∈ from the actual target a for all training
data [27], [28]. Given a set of training samples, (x1, y1),
1 = 1, . . . , 1, where the input is x ∈ Rn,mt ∈ Rn is
the target output, and the standard form of support vector
regression is shown by Eqs. (4–7) [29].

min
1
2
wTw+ C

l∑
i=1

ξi + C
l∑
i=1

ξ∗i (4)

s.t.
[
wTφ (xi)+ b− yi

]
≤ ε + ξi (5)

yi − wTφ (xi)− b ≤∈ +ξ∗i (6)

ξi, ξ
∗
i ≥ 0, i = 1, . . . , l (7)

In this paper, a single-pole ground fault of 0-1000 � is
simulated. The collected fault waveforms are divided into
four classes according to the grounding resistance, and a
regression model is trained in each class. The classification
criteria are shown in Table 1. It is necessary to classify the
samples before training the regression model. The waveform
shapes in the same class are similar, which avoids the under
fitting problem caused by the large difference in waveforms
during training andmakes the determination of c and g param-
eters more accurate. Since the grounding resistance span
of different samples is large, after performing CEEMDAN
decomposition, the same IMF component may be a waveform
with a large frequency difference. Through classification,
the same IMF component frequency is not much different
after waveform decomposition in the same class, so the num-
ber of IMFs in the decomposition or reconstruction process
can be selected according to the waveform characteristics of
each type. To increase the fault tolerance of the classification
and better adapt to the actual situation that may occur in
the actual project, the sampling ranges of adjacent categories
overlap when training the regression model, as shown in
Table 2. Taking a single-pole grounding fault with a transition
resistance value of 30 � as an example, after extracting the
characteristics of the fault traveling wave, the characteristic
vector is sent to the SVM classification model. Although the
resistance value is in the range not covered by each category,
the output category may be classified as Class 1 or Class 2
in the model, but the SVM regression models correspond-
ing to these two categories have learned the characteristic

42230 VOLUME 9, 2021



J.-Y. Wu et al.: Single Pole-to-Ground Fault Location System for MMC-HVDC Transmission Lines

TABLE 1. Classification of training samples.

TABLE 2. Detailed parameters of MMC-HVDC system.

FIGURE 9. Remainder voltage.

information of Class 1 or Class 2 in the regression model
containing the resistance value, so accurate fault location can
still be achieved.

D. RECONSTRUCTION OF CHARACTERISTIC WAVEFORM
For the DC voltage of the fault pole, when CEEMDAN is
performed, the waveform of the residual decreases linearly
in the early stage, and the falling speed slows down as the
grounding resistance increases, as shown in Fig. 9. For a
fault voltage waveform s(t), the falling value of the residual
waveform of 100 sample points is defined as d . The average
value of d of the lowest ground resistance samples in the class
of s(t) is calculated, and this average value is defined as D.
The correction factor h is defined according to Eq. (8).

h =
D
d

(8)

h is generally a real number greater than 1, and each fault
voltage waveform can calculate an h value. In the same class,
the larger the ground resistance value is, the larger the h value.
The purpose of introducing h is to highlight the extreme value
of the waveform that is attenuated due to the increase in

FIGURE 10. Characteristic waveform construction process.

FIGURE 11. MMC-HVDC system model.

grounding resistance. In addition, because the samples used
in the training model cannot include all grounding resistance
values, h can also improve the generalization performance of
the regressionmodel to some extent. According to the decom-
position result of CEEMDAN, several high-frequency IMFs
are selected accordingly to obtain the characteristic waveform
f (t). The complete feature waveform reconstruction process
is shown in Fig. 10.

f (t) = h ∗
m∑
i=1

imfi(t) (9)

IV. SIMULATION EXPERIMENT RESULTS
A. MMC-HVDC SYSTEM SIMULATION MODELS AND
PARAMETERS
In the PSCAD/EMTDC simulation environment, a 200-level
MMC-HVDC system based on NLM modulation is built
according to the graph topology. The system parameters are
shown in Table 2. The system topology is shown in Fig. 11.
The neutral point grounding method used in this system is
DC side clamp resistor grounding. The rectifier side adopts a
constant DC voltage and constant reactive power control, and
the inverter side adopts a fixed active power and fixed reactive
power control. The structure and parameters of the rectifier
station and the inverter station are the same. The length of the
transmission line is 200 km. To simulate long-distance DC
transmission more accurately, the DC line in the simulation
adopts the frequency-variable overhead line model.

The fault waveform used in this paper was obtained by
simulation in PSCAD with a sampling frequency of 20 kHz.
The single-pole ground fault below refers to the positive
ground, and the generation of the active pulse is based on the
removal of the submodule from the upper arm of the A phase.
The fault distance refers to the distance from the fault point to
the rectifier end. Therefore, 16 faults with different grounding
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TABLE 3. Location results of different waveforms.

resistance values were simulated at each fault point, and a
total of 3,184 original fault waveforms were obtained.

A single-pole ground fault is simulated every 1 km on
the transmission line. The grounding resistance value is set
as shown in Table 1. A single pole ground fault occurs
at 1 s. At 1.3 s, active pulses are emitted by the rectifier,
with a period of 0.2 s. The sampling window has a length
of 200 sampling points, which is composed of the first 5 sam-
pling points at the moment that the fault occurs and the
following 194 sampling points.

After the original waveform is obtained, it is reconstructed
into a characteristic waveform. In the process of CEEMDAN,
the amplitude of the white noise added is 0.2, which is added
50 times, and the maximum number of iterations is 100.
The first five high-frequency IMFs and the remainder are
extracted for feature waveform reconstruction.

B. SAMPLE CLASSIFICATION
The SVM classification mechanism is used to train the clas-
sification model, and the fault voltage waveform is directly
used as a feature. The classification criteria are shown
in Table 1. A total of 3184 sample waveformswere used in the
training process. 80% of the total samples were used to train
the model, and 20%were used to test the classification effect.
The test results are shown in the confusion matrix in Fig. 12.
The ‘‘1’’, ‘‘2’’, ‘‘3’’, and ‘‘4’’ in the figure correspond to each
category in the sample classification of Section3. The ordi-
nate represents the actual resistance category corresponding
to the sample, and the abscissa represents the predicted resis-
tance category. After calculation, the classification accuracy
is 93.216%, and the classification error only occurs in the
adjacent class.

C. FAULT LOCATION
The SVM regression mechanism is used to train the clas-
sification model, and four regression models are trained
according to the different types of training samples.
A total of 995 sample waveforms were used in a sin-
gle model training process. 80% of the total samples was
used to train the model, and 20% was used to test the
location effect. The location effects of the fault voltage wave-
form and the active pulse waveform are tested, and the recon-
structed characteristic waveform is simultaneously tested as

FIGURE 12. Classification result.

a feature location effect. The maximum absolute error and
the average absolute error in the regression results of the
test set are calculated separately, as shown in Table 3. The
calculation formula of the maximum absolute error and the
average absolute error is shown in Eq. (10) (11).

Maximum error = max |predi −Wi| (10)

Average error =

1
N

N∑
i=0
|predi −Wi|

L
(11)

whereWi is the actual fault location, prei is themodel location
result, L represents the total length of the line, the value is
200km, and N is the number of location samples to be tested.

According to the data in the analysis table, for a fault
with extremely low grounding resistance, the fault voltage
waveform can be used as a feature to obtain an ideal location
effect. Reconstruction of the characteristic waveform and the
active pulse cannot further improve the location effect. With
the increase in grounding resistance, the two improved meth-
ods proposed in this paper significantly improve the location
accuracy. However, it must be pointed out that the increase
in the location error caused by the increase in the grounding
resistance still exists and cannot be completely eliminated.

After analyzing Table 3, it can be seen that using the
reconstructed feature waveform of the active pulse can obtain
an ideal fault location effect. Since the emission process of
the active pulse can be artificially controlled, the number
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FIGURE 13. Active pulse emission time.

TABLE 4. Location results of multiple pulses.

of pulses can also be artificially determined. The control
rectifier side sends a plurality of active pulses, and the char-
acteristic waveforms of these active pulses are connected
in series into one waveform. Running time is one of the
important indicators that reflect the performance of fault
location. This article explains the running time of the location
method based on the method described in the literature [30].
Fig. 13 shows the overall pulse emission time. The system’s
fault location running time becomes longer as the number of
pulses sent increases. The interval between every two pulses
is 0.02 s. Therefore, the running time of the single pulse
method is 0.22 s, that of three pulses is 0.26 s, and that
of five pulses is 0.3 s. The results of using the new signa-
ture waveform for fault location are shown in Table 4. The
method has a certain improvement effect on the location of
the fault with high grounding resistance, and the improvement
of the fault of the grounding resistance below 200 � is not
obvious.

V. DESIGN OF FAULT LOCATION SYSTEM
According to the research and proposed method above,
the complete workflow of the fault location system is shown
in Fig. 14. One SVM classification model SVC and six SVM
regression models SVR and SVRP (i = 2, 3, 4) are used in
the system. The training samples of SVC and SVR are fault
voltage waveforms, and the training samples of SVRP are
active pulse waveforms.

When a pole-to-ground fault occurs, the fault voltage
waveform of the fault pole is first obtained, and the fault
voltage waveform is input into the support vector machine
classifier SVC to determine the impedance class of ground-
ing resistance. After the analysis in Table 1, when the fault

FIGURE 14. The workflow of fault location system.

belongs to Class 1, the location result of SVR1 can be
directly output, and no further active pulse-assisted ranging
is needed. When the fault is judged to be other categories,
the fault voltage waveform is first used for the first fault
location to obtain the approximate range of the fault point.
Then, the preparation phase of the active pulse emission
is entered. According to the description of the active pulse
parameter selection in [9], the waveform shape of the pulse
is affected by the number of submodules removed and the
cutting time on the bridge arm, and the number of pulses emit-
ted is determined by the number of times the submodule is
removed.

Through the analysis of Table 2, when the fault belongs
to Class 2, a relatively small number of pulses can be used
to achieve a relatively stable location result. Considering the
effect of active pulses on the system fault steady state and
power quality, it is necessary to carefully determine the pulse
parameters. When the SVC is judged to be Class 2, it only
needs to transmit one pulse for auxiliary location. When
the fault ground resistance value is higher, emitting multiple
pulses is considered. Since the traveling wave will attenuate
with the propagation distance on the transmission line, when
the SVR determines that the position of the fault point is
closer to the rectifying end, the waveform attenuation is
smaller, so it is considered to cut fewer submodules. Accord-
ing to the output result of the SVC, it is determined whether
to emit pulses and the number of pulses. The number of
submodules to be cut is determined according to the location
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result of the SVR. Finally, the final location result can be
obtained.

In this system, different methods are used to determine the
locations of high-resistance ground faults. Although the loca-
tion accuracy can be significantly improved, the influence of
grounding resistance cannot be completely eliminated. If the
grounding resistance exceeds 1000 � or the transmission
line continues to lengthen, the high-frequency characteristics
of the fault waveform will be further attenuated, and the
location accuracy will also decrease. If one wants to achieve
accurate location results, one needs to increase the cost of
equipment, such as increasing the sampling frequency of
the recording device, using double-ended ranging and other
methods.

VI. CONCLUSION
Aiming at single-pole ground faults with different transition
resistances in MMC-HVDC transmission lines, this paper
proposes a fault location method based on active pulse and
CEEMDAN. Through the simulation experiment, the follow-
ing conclusions can be drawn:

1) In the proposed method, the active pulse can better
reflect the fault location information, and the fault location
result is better than the location accuracy of directly using
the fault pole-to-ground voltage waveform.

2) Combining the phase-to-mode conversion with the
reconstructed characteristic waveform of CEEMDAN can
realize adaptive extraction of the characteristics of the fault
point location, thereby improving the model’s ability to with-
stand transition resistance. Through simulation verification,
the system can accurately locate single-pole ground fault
points within 1000� under the condition of low transition
resistance of 20kHz.
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