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ABSTRACT Aiming at the problem of the inaccurate fault location in high-permeability active distribution
network, a novel method of fault location for active distribution network based on improved variational
mode decomposition (IVMD) and S-transform is proposed in this paper. Firstly, the judgment method
of instantaneous frequency is adopted to determine the value of decomposition layers k . Meanwhile the
algorithm of variational mode decomposition (VMD) is utilized to decompose the fault signal of traveling
wave. Then, the kurtosis criterion is employed to select the appropriate intrisic mode functions (IMFS) for
S-transform in order to obtain the S-matrix with higher resolution. The high-frequency components in the
matrix are extracted to determine the arrival time for the head of the fault traveling wave. Finally, the fault
distance can be calculated by the special distance formula without considering the velocity of the traveling
wave. The simulations show that the proposed method can accurately measure the fault distance for the
transmission lines in high permeability active distribution network, and the measurement error is limited
within 200m, which verifies the accuracy and effectiveness of the proposed algorithm.

INDEX TERMS Active distribution network, fault location, fault traveling wave, improved variational mode
decomposition (IVMD), S-transform.

I. INTRODUCTION
With the increasing penetration of renewable energy in power
system, its uncertainty has a great impact on fault location in
distribution networks [1], [2]. The direction of power flow
and the operation mode of the grid will be affected after
the distributed generation (DG) access to the distribution
network. The operating characteristics of DG will be affected
by the external environment, which increase the difficulty of
fault location in active distribution network. Therefore, it is
of great importance to study the problem of fault location in
active distribution network with high permeability [3]–[5].

Different from the fault location method of the transmis-
sion grids [6], [7], there are still some problems of fault
location in active distribution networks. Generally speak-
ing, the methods of fault location can be divided into
three categories: the impedance-based methods [8]–[10],
the traveling wave-based methods [11]–[15] and the machine
learning-based methods [16]. In [8], an improved impedance
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method is proposed to solve the problem of equivalent
impedance impact due to DG access, in which the fault
location equation is established based on the feature of zero
reactive power for the transition impedance. However, it is
necessary to iterate continuously during the process of the
solution to ensure more accurate results, and the process of
the calculation is more complicated. The equations of the
fault loop and the models of optimal estimation are estab-
lished and the speed of the algorithms are faster [9]. Mean-
while, DG access is more independent, but it is vulnerable to
the currents of the residual voltage in the loads. The traveling
wave-based methods are mainly to measure the time of the
wave head for the traveling wave accurately. The arrival time
difference of traveling wave is adopted to locate the fault
point and the path matrix of traveling wave is established. But
the large number of synchronization measurement devices in
the system increases the operating cost and it is not applicable
to active distribution network with DG access [12]. Based on
[12], a search matrix of fault branch is built and the influence
of DG access on the head of the initial traveling wave in
the fault is considered [13]. The time difference between the
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wave head arrival of the line mode and the wave head arrival
of the zero mode is utilized to calculate the fault distance
in the active distribution network. However, the zero mode
attenuation is more serious during the transmission process,
which will lead to inaccurate measurement results [14]. The
machine learning-based methods including using neural net-
work to achieve fault location [16]. Fault location can be
realized through simulation calculation of big data and neural
network. However, when the structure of the distribution
network changes, especially after DG is connected, the math-
ematical model is no longer applicable, resulting in inaccurate
positioning. In [17], three fault locationmethods are proposed
based on electromagnetic time reversal (EMTR) under the
AC lines, but the errors calculated by the methods are large,
and the algorithm is not applicable for active distribution net-
work, because the access of DG will affect the establishment
of the fluctuation equation in the electromagnetic transient
process.

Empirical mode decomposition (EMD) is an adaptive
iterative filtering algorithm, it can deal with the fault sig-
nals, but will cause the phenomenon of the end effect and
mode aliasing [18]. Based on EMD, the ensemble empirical
mode decomposition (EEMD) is brought out [19], which can
only inhibit the phenomenon of mode alising, but cannot
completely eliminate it. Compared with EMD and EEMD,
variational mode decomposition (VMD) is an algorithm for
non-stationary signal decomposition [20]. Its essence is a set
of wiener filters that can eliminate the modal mixing during
the iterative filtering process [21]. S-transform is a local time
and frequency method, which has the advantages of wavelet
transform and Fourier transform. Since the traveling wave
signal is a non-stationary high-frequency transient signal,
susceptible to interference from noise, and there are difficul-
ties in detecting the signal. Therefore, the accurate detection
of the traveling wave head and its corresponding moment are
the key to traveling wave methods. S-transform is the effec-
tive method to extract the features of non-stationary signals.
It gives the higher resolution matrix, which can accurately
identify the arrival time of the traveling wave head. Higher
accuracy can be achieved even under larger disturbance and
noise after DG access to the distribution network [22]–[24].

In summary, this study combines VMD and S-transform
and optimizes the corresponding parameters to propose a fault
location method for high permeability active distribution net-
work based on IVMD and S-transform. The method is mainly
aimed at the feature that the fault signal in active distribution
network is a non-stationary signal. The number of VMD
decomposition layers k is optimized by the instantaneous fre-
quency method, and the signal is decomposed into k intrisic
mode functions (IMFS). The kurtosis criterion [25], is used
to select the appropriate IMF to perform S-transform, after
which the matrix with high-frequency components can be
extracted to determine the arrival time of fault traveling wave
head, and finally the fault distance is calculated by substitut-
ing into the distance calculation formula. Through extensive
simulations, the proposed method can accurately measure the

fault distance in the multi-branch high permeability active
distribution network model.

II. VARIATIONAL MODE DECOMPOSITION
A. BASIC PRINCIPLES OF VMD
Due to the randomness and intermittence of DG [26],
the uncertainty of DG access to distribution network will
affect the extraction of fault signal in active distribution net-
work, which is non-stationary. The algorithm VMD is used
for the process of decomposing the non-stationary into k
intrinsic mode functions (IMFS) with abundant fault signals,
which can solve the problems of disturbance and uncertainty
caused with DG access. The construction of the variational
problems is as follows.

Based on the squared-norm of the demodulated signal in
the baseband, the spectral bandwidth of each IMF is estimated
from the component of positive frequency which is obtained
from the Hirbert transform. The specific constraint model is
shown as follows:

min
{µk },{ωk }

{∑
k

∥∥∥∥∂t [(δt + j
π t

)
µk (t)

]
e−jωk t

∥∥∥∥2
2

}
(1)

where:
{µk} = {µ1, µ2, · · · , µk} is the kth mode compo-
nent of the decomposition;
{ωk} =

{
ω1, ω2, · · · , ωk

}
is the center frequency

of all IMF components;
∂t is the partial derivative of t;
δt is the impulse function.

The Lagrange multiplier operator is introduced to solve the
optimal solution of (1), as shown in (2):
L ({µk} , {ωk} , λ)

= α
∑

k

∥∥∥∥∂t [(δ (t)+ j
π t

)
µk (t)

]
e−jωk t

∥∥∥∥2
2

+

∥∥∥f (t)−∑
k
µk (t)

∥∥∥2
2
+ 〈λ (t) , f (t)−

∑
k
µk (t)〉

(2)

where:
λ is the Lagrange multiplier operator;
α is the penalty factor;
f (t) is the signal to be decomposed.

The alternative directionmethod ofmultipliers (ADMM) is
adopted to solve the above variational problem, and the "sad-
dle point" in (2) is obtained by updating the iterationsµn+1k ,
ωn+1k , and λn+1. The symbol ∧ is the value of the solu-
tion converted to the frequency domain by using the Par-
seval/Plancherel Fourier isometric transform. The optimal
solution and the updated central frequency of each µk can
be expressed as follows:

µ̂n+1k (ω) =

f̂ (ω)−
∑
i6=k
µ̂k (ω)+

λ̂(ω)
2

1+ 2α (ω − ωk)2
(3)

ωn+1k =

∫
∞

0 ω
∣∣µ̂k (ω)∣∣2 dω∫

∞

0

∣∣µ̂k (ω)∣∣2 dω (4)
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where:

µ̂n+1k (ω) is the Wiener filter of the k-th component,
and µk (t) is the real part of the Wiener filter;
ωn+1k is the center frequency value of the
corresponding component.

The specific steps of VMD decomposition are as follows:
1) The initial value is set: Firstly set the initial value of{

µ̂1
k

}
,
{
ω̂1
k

}
, λ̂1and n to 0, and n = n+1. Meanwhile,

k is the number of VMD decomposition layers;
2) The parameters are updated: the formula (3) and (4)

are used to update the valueµkandωk . The valueλ̂is
updated by (5):

λ̂n+1(ω)← λ̂n (ω)+ τ

(
f̂ (ω)−

K∑
k=1

µ̂n+1k (ω)

)
(5)

where, τ is the update parameter, which can be set to
0 while the fidelity of decomposition results is not high.

3) The parameter is iterated to convergence: While the set
discriminative accuracy ε > 0 satisfies the formula (6),
the iterative process will end. The k modal components
µk (t)can be obtained by the inverse Fourier trans-
form of µk (ω), and the results are output. Otherwise,
it returns to the steps 1) and 2) and continues the
iteration until (6) is satisfied.∑

k

∥∥∥µ̂n+1k − µ̂nk

∥∥∥2
2

/∥∥∥µ̂n+1k

∥∥∥2
2
< ε (6)

B. IMPROVED VARIATIONAL MODE DECOMPOSITION
The determination for the number of decomposition layers k
is crucial as VMD decomposition of the signals is performed.
If the value k is chosen inappropriately, the decomposition
results will be affected. It will lead to incomplete decomposi-
tion if the value k is too small. Similarly, over-decomposition
will occur if the value k is too large. Therefore, the key point
of VMD decomposition is to choose the appropriate number
of decomposition layers.
The method of instantaneous frequency judgment is

employed in this study to select the value k [27]. Assuming
that there are M sampling points in the i-th modal compo-
nent of the signal to be decomposed and the instantaneous
frequency of the j-th sampling point is calculated to obtain
the frequency fij. The value k is set and Hilbert transform
is performed on the modal components after VMD decom-
position in order to obtain the analytical signal of each IMF
component. Moreover, the instantaneous frequency of each
IMF component is calculated by using the function instfreq,
and the solution is solved by (7):

fi =
1
N

∑
j

fij (7)

In this study, the VMD decomposition is carried out based
on the location model of the multi-terminal traveling wave.

FIGURE 1. Instantaneous frequency mean under the different k values.

Firstly, the value k is set from 1 to 9, and then the instanta-
neous frequency is found out by using the method of instan-
taneous frequency judgment. Nine curves of instantaneous
frequency mean can be obtained, as shown in Fig. 1.

It shows in Fig.1 that the trend of the curve changes as
the value k reaches a certain value and the critical value
corresponding to the time of shift occurrence is the optimal
value k . It can be seen from the sixth subplot that the instan-
taneous frequency drops sharply while the value k equals 6.
Therefore, the best decomposition level is k = 5. If the
value k is too large, the instantaneous frequency of IMF
changes greatly and over-decomposition occurs; otherwise,
the instantaneous frequency changes little and incomplete
decomposition appears. Thus, the method of instantaneous
frequency judgment is utilized to select a more suitable value
k so that the parameters of VMD can be optimized.

III. EXTRACTION METHOD OF FAULT TRAVELING WAVE
A. KURTOSIS CRITERION
The parameter kurtosis is used to describe the sharpness of the
waveform, which is dimensionless and reflects the vibration
of the signal during the fault. The mathematical expression is
given as follows:

Ku =
E (x − µ)4

σ 4 (8)

where:
x is the fault signal;
σ is the standard deviation of the signal x;
µ is the mean value of the signal x;
E is the mathematical expectation.

It can be seen from (8) that Ku represents the fourth-order
mean value of the signal.

The value Ku of kurtosis is about three while the fault
signal obeys the normal distribution and the value Ku is about
zero while the signal obeys the average distribution, the value
of kurtosis for the fault signal will be greater than three while
the fault occurs in distribution network [25]. The larger the
value of kurtosis is, the more the impulse components in
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the fault occurs and the easier the fault characteristics are
extracted. The value of kurtosis for each mode component is
calculated after VMD decomposition for the fault traveling
wave, and the component with the larger value kurtosis is
selected for the next decomposition.

B. S-TRANSFORM
S-transform is proposed by R.G.Stockwell [28], and it is
the effective method to extract the features of non-stationary
signals. It is the development of wavelet transform and short-
time Fourier transform, and it has the advantages of better
time-frequency characteristics and different frequency reso-
lution. S-transform is adopted for feature extraction of IMFS
with the larger values of kurtosis to obtain a high resolution
S-matrix which avoids the phenomenon of low time resolu-
tion. The matrix reflects some characteristics of fault signals
in active distribution network and improving the resolution
of S-transform in time, and the arrival time for the head of
the fault traveling wave reaches the detection point is more
accurate. The elements of the matrix reflect the variation of
the signal in amplitude and phase at the different frequencies.

The one-dimensional continuous S-transform of the signal
x (t) is given as follows:

S (τ, f ) =
∫
∞

−∞

x (t)ω (t − τ, f ) e−i2π ftdt (9)

where:

ω (t − τ, f ) =
|f |
√
2π

e
−(t−τ)2f 2

2 ;

S (τ, f ) is the S-matrix;
ω (t − τ, f ) is the Gaussian window function;
τ is the translation factor on this window function,
which is used to control the position of the Gaussian
window on the time axis t;
f is the frequency;
i is the imaginary unit;

The original signal x (t) can be obtained by inverse trans-
formation of a signal in (9) as follows:

x (t) =
∫
∞

−∞

[∫
∞

−∞

S (τ, f ) dτ
]
ei2π ftdf (10)

It can be seen that the S-transform overcomes the short-
time Fourier Gaussian window and the defect of height fix-
ation. Meanwhile, the discrete form of the S-transform are
given as follows:

S [m, n] =
N−1∑
0

X [n+ k] • e−2π
2k2/n2

• ei2πkm/N (n 6= 0)

(11)

S [m, n] =
1
N

N−1∑
k=0

x [k] (n = 0) (12)

where:

X [n] =
1
N

N−1∑
k=0

x [k] • e−i2πkn/N ;

FIGURE 2. Schematic diagram of two-terminal location.

S [m, n] is the corresponding S-matrix. The
abscissa represents time and the ordinate represents
frequency;
x [k] is the discrete vector of x (t);
N is the total number of sampling points;
n is the sampling frequency point and n =

0, 1, · · · ,N − 1.
The actual frequency of each point is f =

(
fs
/
N
)
∗ n, and

fs is the sampling frequency.
The matrix of S-transform can be obtained by (11)

and (12), which can be expressed as (13):

S (m, n) = A (m, n) ejp(m,n) (13)

where:
A (m, n) is the amplitude matrix;
p (m, n) is the phase angle matrix.

The rows of the S-matrix represent the variation of ampli-
tude or phase angle at a certain frequency with the time, and
the columns of the S-matrix represent the variation of ampli-
tude or phase angle at a certain moment with the frequency.
According to the characteristics of the S-matrix, the high
frequency components are selected to identify the mutation
point of the fault and determine the head of the fault traveling
wave in active distribution system.

IV. FAULT LOCATION SCHEME
A. TWO-TERMINAL LOCATION METHOD
The basic principle of two-terminal fault location is to deter-
mine the fault distance by using the initial time of the head
arrival for the fault traveling wave detected at both ends of
the line and the traveling wave velocity. The principle of the
two-terminal fault location is shown in Fig. 2.

When the fault occurs at the point F, the distance from fault
point F to the ends A and B is calculated as (14) by using the
principle of two-terminal traveling wave location as follows:

dAF =
L + v (tA − tB)

2
dBF =

L + v (tB − tA)
2

(14)

where:
L is the length of line AB;
v is the wave velocity of the traveling wave while
the fault occurs;
tA and tB are the time required for the transmission
of the initial traveling velocity to both ends of A and
B, respectively.

According to (14), the fault distance is related to the veloc-
ity of the traveling wave and the transmission time at the
wave head at the time of the fault. In the actual distribution
network, the change of temperature and climate will affect
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the length of the line, and the parameters of the line will
change because some information from the line in the dis-
tribution network is not accurate. Thus there will be a certain
impact on the velocity of the traveling wave, which will cause
inaccurate calculation. Assuming that the same section of the
line is affected by external influences, the line shrinkage is
uniform, and the ratio of the fault distance calculated actually
to the length of the distribution line is equal to the ratio
of the distance between the two towers to the total length
of the line [29]. If the fault occurs at the time of t0, the actual
fault distance is calculated, as shown in (15):{

d ′A = v (tA − t0)
d ′B = v (tB − t0)

(15)

The actual length of the distribution line can be calculated
as follows:

L ′ = d ′A + d
′

B = v (tA − t0)+ v (tB − t0) (16)

According to the hypothesis, the distance from the fault
point F to the end A is described as follows:

dA =
d ′A
L ′
∗ L =

v (tA − t0)
v (tA − t0)+ v (tB − t0)

∗ L

=
tA − t0

tA − t0 + tB − t0
∗ L (17)

where:
t0 is the time as the fault occurs;
tA and tB are the required time for the initial trav-
eling wave of the fault transmitted to A and B,
respectively.

It can be seen from (17) that the calculation of the fault
distance is only related to t0, tA, tB, and the line length L,
independent of the traveling wave speed.

The power flow direction and operation mode in the tradi-
tional distribution network will be changed with DG access,
however, the information of the wave head at the time of fault
occurrence will not be affected [3]. With the traveling wave
transmission process, there will be wave head attenuation.
This phenomenon leads to inaccurate records of the second
and third wave heads. For the proposed method of fault
location in this research, the second and third wave heads
do not need to be considered, and only the arrival moment
of the first wave head needs to be recorded. In addition, due
to the lack of line information in distribution network with
DG access, it is difficult to obtain the parameters of the line
accurately, which leads to the difficulty in the calculation
of the theoretical value for the traveling wave velocity. The
proposed method of fault location in this study does not need
to calculate the velocity of traveling wave and the arrival
time of reflected wave, and the calculation results are more
accurate.

B. FAULT LOCATION PROCESS
A fault traveling wave signal will be generated in the fault
point as the fault occurs in active distribution network, which
will propagate along the different lines. In the process of

transmission, refraction and reflection will occur while the
fault point is encountered, which will produce non-stationary
and non-linear signal. The VMD decomposition can decom-
pose the signal effectively.

The traveling waves of the different phases will influence
each other during the process of propagation due to the
coupling phenomenon between the three-phase lines. There-
fore, the signal needs to be decoupled to obtain three inde-
pendent mode components before the VMD decomposition.
In this study, Karenbell transform is employed for phase-to-
mode transformation. The process of transformation can be
expressed as follows: IαIβ

I0

 = 1
3

 1 −1 0
1 0 −1
1 1 1



•

Ia
•

Ib
•

Ic

 (18)

where:
•

Ia,
•

Ib, and
•

Ic are the current information of each
phase of the line, respectively;
Iα, Iβ , and I0 are α-mode, β-mode, and 0-mode,
respectively, obtained after Karenbell transform.

The α-mode of the current signal is decomposed by IVMD
after the decoupling transformation is completed. According
to the number of decomposition layers, the mode components
with the larger kurtosis value are selected for S-transform,
and the high-frequency components in S- matrix are extracted
to determine the time when the head of the fault traveling
wave reaches each end point. Moreover, the fault distance is
calculated by (17). The specific process is as follows:

1) Collect the information 5ms of three-phase current
before and after the occurrence of the fault;

2) Karenbell decoupling the current information of
10,000 sampling points before and after the time of 5ms
to obtain three modulus components;

3) Select the k value by using the method of the instan-
taneous frequency judgment, and VMD decomposition
is performed;

4) Adopt the kurtosis criterion to select a suitable IMF for
S-transform;

5) Extract the high frequency components in S-matrix,
and determine the initial time when the fault traveling
wave arrives at each end;

6) Perform the distance calculation by using (17).
The flow chart of the fault location is shown in Fig.3.

V. SIMULATION ANALYSIS
A. SIMULATION MODEL
In order to verify the effectiveness of the proposed algorithm,
this research a multi-branch model for active distribution
network with DG access is built, and simulation analysis
is performed, shown in Fig.4. In the model, M1 to M7 are
the end of each line, of which M1 and M4 are the end of
the trunk line; the lines M4T4, T2M6 are the hybrid lines of
overhead cable and the rest of the lines are overhead lines.
Meanwhile, the parameters are the same in the same line.
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FIGURE 3. The flow chart of the proposed algorithm.

FIGURE 4. Multi-branch distribution line model with DG access.

One double fed induction generator (DFIG) of the capacity
3MW is connected to the branch M3T5, and four DFIGs
of 1.5MW are connected to the branch T4M7.
The calculation formula for the penetration rate in the

active distribution network can be expressed as follows [30]:

Pperm =
PDG-non
PLsum

(19)

where:

PDG-non is the total installed capacity of DG in the
line;
PLsum is the total power of the loads in the line.

The total installed capacity of DG is 9MW, and the total
load power is 13MW in the model. According to (19),

FIGURE 5. The α-mode current at the branch M7T4. (a) α-mode current at
T4. (b) α-mode current at M7.

FIGURE 6. The mean value of the instantaneous frequency of each
component in VMD.

the permeability of active distribution network is 69.23%
which exceeds 60% about the concept of high penetration.

B. SIMULATION RESULTS
The simulations of the different fault locations are carried
out based on the model of active distribution system in Fig.4.
It includes the analysis of three situations: MiTj branch fault,
the fault between T nodes, and the fault on T nodes. The
type of the fault is set to single-phase-to-ground. Moreover,
the sampling frequency is 10kHz, the sampling time is 0.1s,
and the time of the fault is 0.035s.

1) THE MITJ BRANCH FAULT
Assuming that the fault occurs in the branch M7T4, and
the fault point is 35km away from the end T4. The period
5ms of three-phase currents is collected before and after
the fault, and Karenbell decoupling on the transient currents
of 10,000 sampling points is performed to obtain the α-mode
current, as shown in Fig.5.

The method of instantaneous frequency judgment is per-
formed on the transient line mode current of the branch
M7T4 obtained by decoupling to select the appropriate the
value k . The value k is from 1 to 9 and nine curve graphs
of instantaneous frequency average value can be obtained,
as shown in Fig.6.

It shows in Fig.6, that the frequency fi equals 1 if the value
k equals 6. Meanwhile, the frequency k is always equal to
1 if the value k equals and more than 7, which shows that the
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FIGURE 7. VMD decomposition of the fault branch M7T4. (a) VMD
decomposition of the fault signal at the end T4. (b) VMD decomposition
of the fault signal at the end M7.

TABLE 1. The kurtosis value of each component.

decomposition has reached the critical state. So the number
6 is selected as the value of k for VMD decomposition level.
The decomposition is shown in Fig.7 (a) and Fig.7 (b).

The kurtosis values of six modal components at the end
T4 and the end M7 are calculated by kurtosis criterion. The
calculation results are shown in Table 1.

It can be seen from Table 1 that the kurtosis values of
the sixth component at the end T4 and the end M7 are both

FIGURE 8. The diagram of time-frequency for S-transform at the branch
M7T4. (a) The diagram of time-frequency for fault traveling wave at the
end T4. (b) The diagram of time-frequency for fault traveling wave at the
end M7.

the largest. Therefore, these components are selected for
S-transform and the high-frequency components in S-matrix
are extracted. As for the end T4 and the endM7, it is found that
the maximum amplitude moment is between the sampling
point of 3000 and 4000. The time-frequency information at
3000-4000 are extracted to obtain the arrival time of the initial
fault traveling wave at the ends T4 and M7. The diagram of
the time frequency for the fault traveling wave is shown in
Fig. 8 (a) and Fig. 8 (b).

It is known in Fig.8(a) that the fault initial traveling wave
arrives at the terminal T4 at the 3523rd sampling point, and
Fig.8(b) shows that the fault initial traveling wave arrives
at the end M7 at the 3536rd sampling point. Therefore,
the timetT4 equals 0.03523s and tM7 equals 0.03536s. The
time tT4 and tM7 are substituted into Eq.(18), and the fault
distanced is calculated. The distance d is 35.085km and the
absolute error is 85m.

The capacity of DG is changed while the total capacity of
DG is 3MW. At the same time, the penetration rate of the
active distribution network in this study is 23.08%.Moreover,
the penetration rate is 46.15% while DG is connected to
6MW. The fault distances 15km, 30.5km, 35km and 65km
away from the end T4 are calculated respectively by changing
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TABLE 2. The results of distance measurement if the fault happens at the
branch M7T4.

the location of fault point in the branch line M7T4 so as to
verify that the proposed algorithm can accurately locate the
fault under the different permeability and fault distance. The
results of fault location are shown in Table 2.

It can be seen from Table 2 that the proposed method
can accurately measure the distance under the different fault
locations and the different penetration rates while the single-
phase-to-ground fault occurs on the line M7T4, and the abso-
lute error is not more than 100m.

Assuming that the single-phase-to-ground fault occurs at
the end M1 near the end of the main line and the fault point
is 50km away from the end M1. Meanwhile, the penetration
rate is 69.23%. According to the steps of the fault location
at the branch M7T4, the time-frequency information from the
sampling points of 3000 to 4000 in S-matrix is extracted to
obtain the arrival time of thewave head for the initial traveling
wave to at both ends of M1 and T1, as shown in Fig. 9.

According to Fig.9 (a) and Fig.9 (b), it can be concluded
that the arrival time for the initial traveling wave to both ends
of the fault are 0.03533s and 0.03520s, and the fault distance
d equals 49.81km with the absolute error of 190m.

The fault distance under the different permeability is cal-
culated while the distance between fault point and the end
M1 are 12.5km, 36.5km, 50km and 70km, respectively. The
results are shown in Table 3.

As can be seen from Table 3, as the fault occurs in the
branch M1T1, the fault distance can be calculated accurately
with the absolute error within 200m under the different pene-
tration rates and the different location from the fault point to
the end.

2) THE FAULT BETWEEN T NODES
The fault of single-phase-to-ground happens between the
nodes T1 and T2 as an example in order to analyze the fault
between T nodes, and the fault distance between the fault
point and the point T1 are calculated as 10.5km, 25.5km
and 55km, respectively, under the different permeability,
as shown in Table 4.

According to Table 4, the proposed method in this study
can accurately calculate the fault distance and the absolute
error is within 150m as the location of the fault and the
permeability are different.

FIGURE 9. The diagram of time-frequency for S-transform at the branch
M1T1. (a) The diagram of time-frequency for fault traveling wave at the
end M1. (b) The diagram of time-frequency for fault traveling wave at the
end T1.

TABLE 3. The results of distance measurement if the fault happens at the
branch M1T1.

3) THE FAULT ON T NODES
Assuming that the fault occurs at the node T2 to analyze the
condition of the fault occurrence on the node, and the fault
distance is calculated under the different penetration rates
from the two reference terminals T1 and T3. The results are
expressed in Table 5.

According to Table 5, it shows that the fault distance is
calculated from the ends T1 and T3 respectively if the fault
occurs at the T2 node, and the proposed method can calculate
the distance accurately with the absolute error within 100m.
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TABLE 4. The results of distance measurement if the fault happens at the
T1T2.

TABLE 5. The results of distance measurement if the fault happens at the
node T2.

VI. CONCLUSION
In this study, a novel method of fault location in active distri-
bution network based on the improved algorithm of VMD and
S-transform is proposed, and it is applied to the multi-branch
distribution lines with DG access. The following conclusions
can be obtained:

(1) The fault traveling wave can be decomposed effectively
by using the improved VMD decomposition, the kurtosis
value of the modal components is calculated by the kurtosis
criterion, and S-transform is performed on the optimal modal
components. The proposed method improves the resolution
of S-transform in time and the arrival time of the initial fault
traveling wave to both ends of the fault line can be obtained
more accurately;

(2) A model of the multi-branch distribution lines with
DG access is built. The proposed algorithm can calculate the
fault distance accurately for the faults at the branch, the fault
between T nodes and the fault on T nodes under the different
penetration rates, and the absolute error is within 200m;

(3) The proposed method in this study is independent of
wave speed. Therefore, it is better to solve the problem that
the calculation accuracy of the fault distance is easily affected
by the velocity of traveling wave. At the same time, the S-
matrix proposed in this paper makes the calculation accuracy
higher. Because only the time of the initial wave head arriving
at the detection point is selected, it is not affected by the fault
distance and the reflected wave. Thus, the fault location is
more reliable.
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