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ABSTRACT In order to improve reliability of distributions, the neutrals are usually insulated or compensated
with Peterson coil. Thus, the currents of single-phase to ground fault are weak, leading to difficulty in
fault line selection problem. This paper investigates an evidence theory based integrated fault line selection
method which employs multiple fault components to improve the performances of selection for neutral
compensated distributions. Aim of this method is through the fusion strategy of the multi-fold unreliable
fault components to arrive at more reliable solution. Three kinds of fault components including the transient,
the abrupt changing, and the damped DC are developed. Fault measures are introduced for each line to
quantitatively describe the likelihood of the line being the fault line. The fault components are extracted by
dual-tree complex wavelet and atom decomposition. And the algorithms of calculating fault measures for
the three components are developed according to the principle of the fault. The basic probability assignment
(BPA) functions of evidence theory are established with the cloud model algorithm of data driven. Examples
validate that through fusion algorithm of the multifold fault components, the line selection is more robust
and reliable to varied circumstance than utilizing individual component.

INDEX TERMS Fault line selection, evidence theory, dual-tree complexwavelet, atom decomposition, cloud
model algorithm.

I. INTRODUCTION
The neutral points of power distributions are usually insulated
or grounded with a Peterson coil to improve the reliability [1].
When single-phase to ground fault occurs, the fault current
will flow through the stray capacitors of the phase to the
ground. As the stray capacitors are small, the impedances of
the fault path are high, thus the fault currents in such faults
are small.We call such a fault as small current grounding fault
(SCGF). Compared to short circuit faults, the SCGF is able to
avoid the damage of large fault currents or the arcs to electri-
cal apparatus and the systems. As the phase to ground faults
are very frequently to be occurred in distributions. There-
fore, neutral insulated or compensated are advantageous to
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improve the properties such as the reliability greatly [2]. Con-
ventional over-current relaying is designed specifically for
short circuits. However, a SCGF produce inadequate current
to trigger conventional relaying system [3]. Although a SCGF
is not necessary to be cleared immediately, but retaining in
fault state for long time is dangerous to humans and equip-
ment [2]. Therefore, it is necessary to clear the fault as soon
as possible. As the fault characteristics of SCGF are weak,
a specific technique should be developed for distinguishing
and selecting the fault line from all the lines in the same bus,
and give the guidance information to the personnel or trip the
fault line directly.

The zero-sequence component (residual component) is the
unique characteristics occurred in SCGF, and are usually used
for the fault line selection [4]. The currents of SCGF are usu-
ally far smaller than the load currents, therefore, great errors
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are inevitably brought for acquisition of those quantities. The
variation of fault conditions, for example metallic fault, high
impedance fault, arcing fault and unstable intermittent fault,
and so on, will increase the difficulty of the problem fur-
ther [5]. For compensated networks, the fundamental currents
of residuals are no longer 90◦ leading to the voltages of resid-
uals in the fault line, and thus are no longer useful for fault
line selection [6]. Other components such as the direction of
zero-sequences, and the transients were developed [6], [7].
But anyway, as the available components are small, problem
of SCGF line selection need to be explored further.

Lots of works have been done to deal with the line
selection problem. Roughly summarized, the present meth-
ods are mainly comprised of steady-state-based method,
the transient-based methods, and the others. Literature [8]
propose a selection method according to the trajectory of
zero-sequence voltage to deal with the unbalanced parameters
of three phases in the distributions. Literature [9] revealed that
the phase angles between the voltage and the current of zero
sequence in healthy lines are invariant while that in the fault
line is variant as the fault resistor varies. Based on this phe-
nomenon, a selection method was provided. Literature [10]
employed the comparison of synchronized voltage and cur-
rent for high impedance fault. Literature [11] used the fitted
value of voltage and current sampling sequence to implement
the fault line selection. This method was applicable for com-
ponents either steady state or transient. Literature [12] consid-
ered the vague characteristics in distinguishing the fault line,
and used fuzzy theory to establish fault line selection algo-
rithm. Literature [12] proposed a selection method using sig-
nal injection to the distribution and monitoring the dynamic
parameters of the injected frequency. Literature [13] mapped
the fault dynamic signals to time-frequency diagram, and
utilized GoogLeNet training network to improve the accuracy
of selection. Literature [14] introduced the membership and
the weight coefficient to form a combined criterion. Liter-
ature [15] used synchrophasor measurement technology for
high-impedance fault identification. Literature [16] detected
high impedance arc fault according to the randomness of both
the harmonics and the waveform distortions. Literature [17]
employed a real-time measurement of ground parameters.
In the way of injecting a signal of certain frequency into
the neutral point and extract the parameters to select the
fault line. While [18] and [7] employed wavelet transform
to deal with the transient signals and constructing intelligent
system for line selection. A method of zero sequence cur-
rent increment be purposed in [19], and find the fault line
by searching the line which have the most ZSC variation.
Due to the result of fault diagnosis could be difference at
different times for the given identical fault symptoms. Lit-
erature [20] used a Dynamic Bayesian network to diagnose
fault in modern industrial systems. Literature [21] purposed
a sensor placement methodology based on discrete particle
swarm algorithm to control the information redundancy in
fault diagnosis. Literature [22] employed a fault diagnosis

methodology based on method to solve the uncertainties in
control systems. Literature [23] used D-S evidence theory to
fuse three kind of fault information included: transient, abrupt
ware and real power to diagnose the SCGF effectively. Liter-
ature [24] chose the Db6 wavelet to extract the transient sig-
nals, and taking advantage of multi criteria fusion to realize
the fault line selection availably. Literature [25] introduced a
method for high impedance fault based on the energy distri-
bution of traveling wave full waveform and constructed a HIF
criterion to detect the fault line. Aim at analyzing the transient
model of non-solidly grounding fault. Literature [26] raised a
method based on using ration and direction of phase transient
current changes to detect the faulty section comprehensively.
Literature [27] presented a fault line selection method based
on signal injection, and employed all phase Fourier transform
to improve the accuracy of line selection. Literature [28]
purposed a method based on modified artificial bee colony
optimization deep neural network to solve the problem of
difficult to choose the fault line.

Although variety of methods had been presented in the
literatures, the methods were established merely used one
kind of components and thus were disadvantage to the adapt-
ability to fault circumstances. Due to the fault components
for SCGF are weak and the fault circumstances are uncertain,
one component may be distinct in some cases, while they
may be very weak in other cases. Therefore, establishing
a method with a fix component is almost impossible to
fit all SCGF circumstances. To improve the robustness of
the SCGF selection, an integrated method has been pro-
posed in this paper for compensated distributions employ-
ing evidence theory (ET) to combine the multiple fault
components.

The contribution of this paper includes:
1. Proposed a fusion strategy to utilize multifold fault

components for SCGF fault selection problem. Through the
fusion effect of multifold fault components, the results con-
cluded from the whole fault components are focused on
the common supported solution, therefore the robustness to
diverse fault circumstances was improved.

2. The ET-theory-based method was introduced to imple-
ment the fusion algorithm. The evidence pieces were derived
from different fault components. Each line was assigned with
a quantified fault evidence piece. With ET fusion, the final
solution was created according to all the evidence pieces of
each line, thus arrived at a more reliable solution.

3. The fault measures were introduced to quantitively
describe the degree of each line seeming to be the fault line
based on the fault characteristics. The fault measures were
further converted to basic probability assignment (BPA) for
fusion with ET. Quantitively calculation of fault measures
instead of qualitatively decision was made, then the final
result of selection was made by the fusion of ET.

4. The fault components are successfully extracted by the
dual-tree complex wavelet and the atom decomposition algo-
rithm. The BPA functions are constructed by cloud model
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algorithm, which leads the BPAs originated from historical
data instead of simply provided subjectively.

The rest of this paper is organized as follows. the equivalent
circuit of the distribution for SCGF and the characteristics for
SCGF are presented in Section II. The concept of fault mea-
sures is introduced and the algorithms of fault measures for
extracting the transient components, abrupt changing compo-
nent and damped DC component are established respectively
in Section III. Section IV introduces the D-S evidence theory,
and establishes the BPA function to combine the evidences.
Section V presents simulation and real examples to vali-
date the algorithm. Finally, main conclusions are drawn in
Section VI.

II. CHARACTERISTICS OF SCGF IN COMPENSATED
DISTRIBUTIONS
Generally, in case the grounding current is above 10 Ampere,
the fault arc will be probably sustained. Therefore, in Chi-
nese regulations, the limitation value is specified at 10 A.
If the fault current is above 10A, a Peterson coil ought
to be installed to compensate the fault current to avoid
the reburning of the arc. The Peterson coil is usually in
over-compensated of about 5%-10%.

A. EQUIVALENT CIRCUIT OF THE DISTRIBUTION FOR
SCGF
When SCGF occurs in the compensated distribution, the zero-
sequence fault loop will be established as shown in Fig. 1.
As the zero-sequence impedances of all lines are capacitive,
both the health lines and fault line behave capacitance model
between the phase to ground. In Fig. 1, ik is the zero-sequence
currents (we call this currents as residual currents including
in transient); dk is the length of the health line k; df is the
distance from fault site to the bus; r0, l0 and c0 are the unit
parameters of resistance, reactance and capacitance of the
lines respectively. Rf = r0 × df , Lf = l0 × df , Cf = c0 × df
are the total resistance, reactance and capacitance of fault line
from fault site to the bus, respectively; Lp is the reactance of
Peterson coil; iL is the compensating current of Peterson coil;
uf 0 is the residual voltage in fault site; if 0 is the fault current
in the fault path; ϕm is the initial angle of the residual voltage.
The equivalent circuit in Fig. 1 can be diagramed as in

Fig. 2. The steady state current is derived as
IL =

√√√√ U2
m

ω2
(
Lp + λLf

)2
+ (λR)2

≈

√√√√ U2
m(

ωLp
)2

+ (λR)2

IC = Cf Lpω2IL
(1)

In transient state, the differential equations are described
as in Equ. (2).

L = Lf + Lp

Cf LpLf
d3iL
d3t

+ (RG + Rf )Cf Lp
d2iL
d2t

+ L
diL
dt

+ (RG + Rf )iL = Um sin(ωt + ϕm)

(2)

FIGURE 1. The zero-sequence circuit with SCGF.

FIGURE 2. The SCGF equivalence of compensated distributions.

Solving the general solution of the differential equation,
the transient characteristics are obtained.

B. CHARACTERISTICS ANALYSIS FOR SCGF
To solve differential equations in (2), if R <

√
R1, the

transient of residual currents of the health lines and the com-
pensating current in Peterson coil are described in (3) and (4).

iC = Cf LPIL

(
−

r21 r2
r1 − r2

cosϕm · er1t + k1er2t
)

+ IC cos (ωt + ϕm)

k1 =

[
r1

r1 − r2

(
r22 − r21

)
cosϕm − 2ωr2 sinϕm

]
cosω2t

−

[
2r1r2ω
r1 − r2

cosϕm − ω
r22 − ω2

2

ω2
sinϕm

]
sinω2t

−
r21 r2Cf LPIL
r1 − r2

cosϕm · er1t ≈ 0

(3)

iL = −
r2IL
r1−r2

cosϕm · er1t + k2ILer2t − IL cos (ωt + ϕm)

k2 =
r1

r1 − r2
cosϕm cosω2t −

ω

ω1
sinϕm sinω2t

k2ILer2t ≈ 0
r2

r1 − r2
≈ −1

(4)

35956 VOLUME 11, 2023



J. Sun et al.: Combined Method for Line Selection of Single Phase to Ground Fault in Compensated Distributions

where r1 is the real eigen-root, and the r2, ω2 is the real part
and the imaginary part of the imaginary eigen-root. Accord-
ing to the relationship of the quantities in the equivalent
circuit, the current of fault line if is the negative sum of the
currents in all health lines and in the coil, as described in (5)

if = −(iC + iL) (5)

From (4) we know that the current in the coil is mainly
composed of damped direct current (DC) component and
the steady component; while the current in the health line
is composed of the transient oscillating components and no
DC component at all. Thus, the DC component will pass
through the fault line. It equal to the DC component of the
coil in magnitude and opposite in direction. The damped DC
component is useful characteristic for line selection.

In case
√
R1 < R <

√
R2 and R >

√
R2, the damped oscil-

lating components varied, but the DC component exists con-
stantly. In addition, as the transient oscillating components
exhibit high frequency, Peterson coil behaves high impedance
and almost open for those components. Therefore, the high
frequency components in the fault line are opposite the sum
in the health lines. This characteristic can be used also for line
selection. In fact, the high frequency components are not only
produced by the transient, but also produced by the nonlin-
earity of the fault resistor RG. If RG is varying and nonlinear,
such as in arcing fault, the high frequency components will
be abundant. This circumstance is very common in the SCGF
faults.

Furthermore, at the beginning of the fault, the current in
the coil is almost zero, the abrupt changing component of the
current in the fault line is almost opposite the sum of that in
the health lines. Therefore, the abrupt changing components
are another useful characteristic for line selection.

III. CALCULATION OF THE FAULT MEASURES
A. THE FAULT MEASURES
In short circuit faults, the obvious characteristics are the great
short currents. This characteristic is enough for protection.
Conventional protection device is unit structured; an individ-
ual device monitors and is responsible for one line only. Due
to the weakness of the fault quantities in SCGF, no unique
characteristic is great enough for fault line selection, the
integrated selection scheme is employed in this paper. The
integrated scheme samples and processes signals from all
the feeders of a bus and implement fault selection accord-
ing to information of all lines. As the signals are from all
lines and the selection is based on the whole signals. More
precise result can be obtained with the integrated selection
scheme. With the integration of fault signal from all lines, the
fusion algorithm of multi-fold fault components is occupied
in this paper to enhance the reliability and adaptability of fault
selection.

In order to realize the fusion of multifold fault compo-
nents, the concept of fault measure is introduced. A fault
measure is a nonnegative real variable assigned for each
line to quantitatively estimate the likelihood to be the fault

line. The fault measures are obtained using one-fold of the
fault components. Each fault component corresponds to one
different fault measure algorithm for each line. For example,
if we employ 3 kinds of fault components for line selection,
each line will obtain 3 fault measures. The ultimate selection
result is concluded through fusion of all the fault measures.
The current selection methods just use the qualitative expres-
sion to describe directly the judgment result based on one
designated fault component while regardless of whether that
component is strong enough. The fault measures are pre-
sented for each line to quantitively measure the likelihood
of being the fault line. The likelihood degree for each line
is calculated quantitively instead of presented the judgment
result simply.

In compensated distribution, due to the compensation
effect of the Peterson coil, the fundamental components are
no more useful for line selection. The other fault components
are used in the paper. These are transient component, abrupt
changing component and damped DC component. All the
components are the sum of the three phases, namely residue
quantities. The following subsection describes the algorithms
of fault measures for these fault components.

B. FAULT MEASURE ALGORITHM FOR TRANSIENT
COMPONENTS
As mentioned above, if fault resistance is time varying and
nonlinear, the fault currents will contain abundant high fre-
quency non-stationary transients. The Peterson coil behaves
high impedance for the high frequency transients. The high
frequency components will therefore pass through the fault
line to the health lines. Wavelet transform is a powerful tool
for the high frequency non-stationary signals.

This paper employs dual-tree complex wavelet transform
to separate the high frequency components from fault signals.
In this application, the sampling frequency is 3200Hz; the
lengths of original signal sequence are 2 cycles before the
fault and 6 cycles after the fault. The algorithm of fault mea-
sures for high frequency transient components with wavelet
transform are processed as follow.

Uses dual-tree complex wavelet to implement wavelet
transform to the residue current of all lines with orthonormal
algorithm. The merits of dual-tree complex wavelet include
that it uses independent real and imaginary filters, without
mutual interference; the transform of real part is lagging
one sample cycle to the imaginary part, and so depress
the information loss, and mitigate the frequency aliasing.
4 scales of wavelet decomposition are implemented to the
signals in order the detail frequency bands are separated
while the fundamental component do not be included just.
The detail coefficients of real and imaginary parts of the
dual-tree complex wavelet transform in the 4 scales are
DR1k (i), DR2k (i), DR3k (i), DR4k (i), and DI1k (i), DI2k (i),
DI3k (i), DI4k (i), respectively, where k is the number of the
lines. The approximation coefficients of real and imaginary
parts of the dual-tree complex wavelet transform in the
4 scales are AR1k (i), AR2k (i), AR3k (i), AR4k (i) and AI1k (i),
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FIGURE 3. Flow chart of fault signal decomposition and reconstruct.

AI2k (i), AI3k (i), AI4k (i), respectively. After that, reconstructs
the detail signals of scale 3 and scale 4 to scale 2. The purpose
of this treatment is to make the coefficients with the equal
gain in order to calculate the fault measure in the same scale.
The reconstructed coefficients of real and imaginary parts are
RR22k (i), RR32k (i),RR42k (i), and RI22k (i), RI32k (i), RI42k (i).
The steps of using wavelet analysis are describe as in Fig. 3.
In Fig. 3, the x(n) is the original signal in residual form of
each line; h0, g0 and hl, gl are the low-pass and high-pass
functions of the real and imaginary wavelet transform decom-
position; h′

0, g
′

0, h
′
l , g

′
l is the reconstruction filter of low-pass

and high-pass functions; symbols ↓ 2 and ↑ 2 represent
down-sampling and up-sampling with dyadic respectively.

The original signal x(n) is input into the wavelet decompo-
sition algorithm with dual-tree complex wavelet. The detail
coefficients of wavelet decomposition for scale 1 are mainly
interference, while the approximation component is prelimi-
nary the signal. Through filtering of the wavelet, the approx-
imation coefficients of real and imaginary parts in scale 1 are
merged together as AW1k (i).

AW1k (i) =

√
(AR1k (i))2 + (AI1k (i))2 (6)

This quantity is used to extract abrupt changing component
as described in subsection C of this section. Similarly, the
approximation coefficients of real and imaginary parts in
scale 4 are merged for extracting damped DC as in subsec-
tion D of this section.

The fault measures of transient can be calculated according
to the reconstructed wavelet coefficients to scale 2. Let the
fault measures of transient for each line are Fmt(k), the initial
values are 0. Here k is still the number of lines and with
k = 0 to symbol the bus. The real and imaginary parts of fault
measures of transient are Fmtr(k) and Fmti(k), respectively.
The coefficients of one cycle at the beginning and the end are
abandoned to avoid the edge effect of the wavelet transform,
and the remainder data is taken part in calculation. For each
point, pick the real and imaginary parts of the reconstructed
three coefficients with the maximal magnitude and satisfying
a threshold. Take the real part as example, assuming the
corresponding numbers are p, q and r . Then calculate the fault
measures with the following rules:

1) If sign of coefficient in line p is opposite to the signs
of line q and r , then the real part of fault measures for line p

accumulate as in (7).

Fmtr(p) = Fmtr(p) +
∣∣RRs2p(i)∣∣ (7)

where, s is the number of scales, s = 2, 3, and, 4
2) If the signs of the three lines are the same, then the real

part of fault measures for the bus accumulate as in (8).

Fmtr(0) = Fmtr(0) +
1
3

∣∣RRs2p(i) + RRs2q(i) + RRs2r (i)
∣∣
(8)

3) If only line p and q satisfy the threshold, and if the signs
are opposite, it mean that one of p or q are fault line, but
cannot be determined further, then half the incremental are
accumulated as in (9) and (10).

Fmtr(p) = Fmtr(p) + 0.5 ·
∣∣RRs2p(i)∣∣ (9)

Fmtr(q) = Fmtr(p) + 0.5 ·
∣∣RRs2p(i)∣∣ (10)

If the signs of line p and line q are the same, it is equivalent
to (8) while the magnitude of line r is zero. The real part of
the fault measures for the bus is accumulated as in (11).

Fmtr(0) = Fmtr(0) +
1
3

∣∣RRs2p(i) + RRs2q(i)
∣∣ (11)

4) If only line p satisfies the threshold, it is equivalent to
(8) while the magnitude of line q and r is zero. Then the real
part of the fault measures is accumulated as in (12).

Fmtr(p) = Fmtr(p) +
1
3

∣∣RRs2p(i)∣∣ (12)

The real part of the transient fault measures is arrived
for each line according to the accumulating algorithm point
to point from scale 2 through scale 4 of the reconstructed
coefficients.

Similarly, the imaginary part of the transient fault measures
is arrived for each line as well. The total fault measures
for transient are calculated by the composition of real and
imaginary parts of the fault measures as in Equ. (13).

Fmt(k) =

√
Fmtr(k)2 + Fmti(k)2 (13)

C. FAULT MEASURES FOR ABRUPT CHANGING
COMPONENT
The capacitance property of lines is susceptive to abrupt
changing components while the reactance of Peterson coil
is the converse. At the initiation of fault, the impedance
of Peterson coil is almost infinite thus the current in the
fault line is almost the opposite sum of current in the health
lines. This case will generally maintain about half a cycle.
At the beginning, the fault current is the opposite sum of
the health currents. We call the waveforms at this period as
abrupt changing components. The approximation of scale 1 as
AW1k (i) is used to extract the abrupt changing component and
calculate the fault measures of abrupt changing. The steps are
as following:

1) Take the absolute value to the abrupt changing com-
ponent of the current, and add them together for all lines.
Search the sum of current for the peak value point as p. Let
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the residual voltage in point p be Vp, the residual current in
line k at point p be Ip(k).

2) Obtain the sign of Vp variation, and calculate Equ. (14).
As the current and the voltage are almost in differential
relationship, at the peak value, the current in the fault line is
opposite with the variation sign of the voltage, but the health
lines are the same with the sign of the voltage. Therefore, the
result in (14) will be negative for fault line and positive for
health lines.

A(k) = Ip(k) · sign(1Vp) (14)

3) The fault measure algorithm for the abrupt changing
components is as in (15).

Fma(k) =

{
−A(k), −A(k) > 0
0, −A(k) ≤ 0

(15)

In Equ. (14), the A(k) corresponding to health lines is
positive, the longer the lines are, the greater the quantities
are. Thus, in Equ. (15), the fault measures are almost zero for
health lines, and the longer lines correspond to more definite
fault measures to zero. But for fault line, the fault measures
are positive and the greatest.

D. FAULT MEASURES FOR THE DAMPED DC COMPONENT
As mentioned above, at the moment of the transient the
damped DC component exists in Peterson coil and pass
through the fault line. The magnitude of DC component is
related to the angle of fault. It reaches the maximal if the
angle of voltage is in zero, whereas, if the angle is 90 degrees,
the DC component gets zero. Therefore, the damped DC
component is random, and unreliable too.
The atom decomposition algorithm is employed in this

paper to extract the damped DC component. The appropri-
ations of wavelet transform in scale 4 are employed for DC
component extraction. These signals are smooth enough to
reduce the calculation amount of atom algorithm. For any
signal y, it can be presented by linear combination of gγ (m)
in D for M terms.

y ≈ ŷ =

M∑
m=1

amgγ (m), gγ (m) ∈ D (16)

where, γ (m) is an indexing parameter associated with a par-
ticular dictionary element in D. Usually, the dictionary is
over-complete. Namely, D has more elements than necessary
to span the signal space. The match pursuit (MP) algorithm is
usually used for atom decomposition.MP algorithm is a greed
iterative algorithm for deriving signal in terms of chosen
expansion functions from a dictionary. At each iteration, the
algorithm found the most related atom from the dictionary
according to the atom index. And then the atom is extracted
from the original signal. This procedure is repeated until
signal y has been extracted in enough precise.

In each iteration, MP searches for the atom gγ (m) ∈

D, which has the largest inner product with the residual

signal rm−1
y . Then

rmy = rm−1
y −

〈
rm−1
y , gγ (m)

〉
gγ (m) (17)

The residual is rmy after m − th iteration, then the original
signal can be represented as the linear combination of m
atoms.

y =

m∑
n=1

〈
rn−1
y , gγ (n)

〉
gγ (n) + rmy (18)

The atom dictionary can be constructed based on the fea-
tures of the original signal to decrease the quantity of calcu-
lation. Such an atom dictionary is called coherent dictionary.
In this application, we use damped DC atom dictionary.

f (t) =

Q−1∑
q=0

Aq cos(2π fqt + φq)e−ρq(t−tsq)

× [u(t − tsq) − u(t − teq)] (19)

where Aq is the magnitude of the damped DC atoms; ρq is
the damp coefficient; tsq and teq are the start and end time
of the function, respectively. The decomposition of damped
DC atoms is first using MP algorithm to extract Gabor atoms,
then using the obtained Gabor atoms to calculate the damped
DC atoms.

In this application, the original signal is transformed by
the dual-tree complex wavelet to divide into detail compo-
nents and approximation components of real and imaginary
parts with 4 scales. The composite components of real and
imaginary parts of the approximation after 4 scales of wavelet
decompositions, which contain the damped DC component
still and are rather smooth by the filtering of wavelet, and
therefore are advantage for atom algorithms. This signal is
used in this paper to extract the damped components. Through
the atomic decomposition to the approximation components
with MP algorithm as discussed above, the polynomial terms
with atom are derived. Then merge the atomic terms with
the same attenuation coefficient together, and find the DC
component with maximum energy for line selection. Let the
chosen DC component in Peterson coil is DL , the component
with the same coefficient in line k isD(k). The fault measures
are constructed as Equ. (20).

Fmd(k) =


D(k) − |DL − D(k)| ,

−D(k) − |DL − D(k)| ≥ 0
0, −D(k) − |DL − D(k)| < 0

(20)

As we know, Prony method is similar to atoms. But Prony
requires the signal continuous among the entire window,
while the atommethod does not. Single phase to ground faults
are usually unstable, especially at the beginning of the fault.
Unstable faults lead the fault signals discontinuous. Thus, the
atom method is suitable for the discontinuity.

The fault measure algorithm for the three components has
been established in the above sections. It is worth mention-
ing, the multi-fold fault components should be uncoupled
each other. Otherwise, the coupled components will lead to
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additional weight in the integrating procedure, and make
the selection results excessively rely on them, thus bring
detriment to the integrated result. Obviously, it is uncoupled
between the transient and the DC components.

It is the similar between the abrupt changing component
and the DC component. For relationship between the abrupt
change and the transient, the former may contain some of
the latter really, but the quantities are very little because of
the calculation of abrupt changing component are very short
moment. Therefore, it is approximately uncoupled between
the abrupt change and the transient. Thus, all the used com-
ponents in this paper are uncoupled.

IV. FUSION OF FAULT SIGNALS WITH EVIDENCE THEORY
A. EVIDENCE THEORY
Let2 = {H1,H2, . . . ,Hn} be a group of hypotheses sets with
thorough and mutually exclusive, which is called the frame
of discernment. A function with m(·) : 22

→ [0, 1] is called
BPA, and satisfies:

m(8) = 0 and
∑
A⊆2

m(A) = 1 (21)

where 8 is the null set, A is any subset of 2, and 22 is the
power set of 2.

BPA is the basic belief assignment to hypotheses A. The
assigned probability m(A) indicates the belief assigned to
A and represents the degree of the evidence supports the
hypotheses A. The probability of full set 2 means the degree
of assigned to unknow. The key algorithm of evidence theory
is the combination of evidences from different sources as
in (22).

m = m1 ⊕ m2 ⊕ · · · (22)

where⊕ designates the combination. The rule of combination
with m1 and m2 is defined as follows:

m(C) =


0, C = 8

K−1
∑

Ai∩Bj=C

m1(Ai)m2(Bj), C ̸= 8 (23)

K = 1 −

∑
Ai∩Bj=8

m1(Ai)m2(Bj) (24)

The preliminary way to tackle problems with ET is to
establish frame of discernment firstly, and construct an algo-
rithm for basic probability assignment. Then employ the
combination rules to the BPA values and make the decision
according to them.

B. FRAME OF DISCERNMENT FOR SCGF
The frame of discernment is the sets that composed of all
basic decisions. In SCGF selection problems, the purpose is
to select the fault line. Therefore, the frame of discernment is
the sets of individual line as described in (25).

2 = {L(k)| k = 0, 1, 2, · · · , n} (25)

where L(k) is symbol line k. For k=0 corresponds to the bus.

FIGURE 4. The reverse cloud generator.

FIGURE 5. Forward cloud generator.

C. ESTABLISHMENT OF BPA FUNCTION
For line selection problem, the BPA function is determined
by the fault measures of each line. The BPA function map
the fault measures to intervals [0, 1] and the total sum equal
to 1. Here we use data driven approach to produce the BPA.
Cloud model is the transition tool for qualitative concept and
quantitative data. In some cases, we have acquired a great
amount of data for an event. The data are usually unprecise
and rough. We need to arrive at a conceptual description on
these data. This process is the transition from quantitative
to qualitative. While in another cases, we have obtained the
conceptual awareness on an event. But the conceptual nota-
tions are generally fuzzy and indefinite. We need to produce
detail data complying with this notation. This process is the
transition from qualitative concept to quantitative data. The
cloud model algorithm can accomplish both these processes.
The most typical cloud distribution is normal distribution.
The algorithm to induce qualitative concept from historical
samples is inverse cloud generators, as in Fig. 4. The algo-
rithm of inverse cloud model is described as the following.

Let zi represent the cloud droplets, namely the samples of
data. The inverse cloud model uses 3 parameters to repre-
sent the notation, the expectation, the entropy, and the hyper
entropy. The algorithms of calculating these parameters are
as in Equ. (26), (27), (28), and (29), respectively.

Ex = Z̄ (26)

En =

√
π

2
×

1
n

n∑
i=1

∣∣Zi − Z̄
∣∣ (27)

S =

√√√√1
n

n∑
i=1

(Zi − Z̄ )2 (28)

He =

√
S2 − En2 (29)

The forward cloud generator is the opposite process
towards the reverse cloud algorithm. The forward cloud gen-
erator accomplishes the generation of a number of droplets
according to the concept. The forward cloud generator algo-
rithm is shown in Fig. 5.
The conceptual diagram of a cloud model and the meaning

of its parameters are shown in Fig. 6.
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FIGURE 6. Digital characteristics of the cloud.

In the proposed SCGF integrated approach of line selection
with ET, the BPA assignment is critical. We utilize the inverse
cloud to process the historical data and acquire the cloud
parameters with data driven approach. The historical data
come from the practical fault data or simulations. The fault
measures of each line are calculated firstly. Supposing the
historical data are N . The fault measures for transient, abrupt
changing and damped DC component are Fmt(k),Fma(k)
and Fmd(k), respectively. The parameters of cloud model
as the expectation, the entropy and the hyper entropy are
obtained from the known data of N dimension accordingly.
For a SCGF, substitute the fault measures of the undeter-
mined sample into the arrived cloud models. Suppose the
memberships are M1(k),M2(k) and M3(k) corresponding to
different fault measures in cloud model, the BPA functions
are m1,m2 and m3, m1 correspond to the transients, m2 to the
abrupt changing, and m3 to the DC component. Due to the
memberships do not equal to 1 in sum, the BPA assignment
functions have to be modified in the basis of the memberships
as following.

m1(k) =
M1(k)
N∑
k=1

M1(k)

(30)

m2(k) =
M2(k)
N∑
k=1

M2(k)

(31)

m3(k) =
M3(k)
N∑
k=1

M3(k)

(32)

where, N is the total number of lines in the same bus.
The steps of obtaining BPAs with cloud model can be

summarized as following:
Step 1: Collect the historical data of single phase to ground

faults. Calculate the fault measures for these data and build a
cloud model with Equ. (26) through (29). The cloud is similar
to in Fig.6. The horizontal axis is the fault measure, and the
vertical axis is the membership of that sample. The parame-
ters in Equ. (26)-(29) represent the cloud model established
from the historical samples.

TABLE 1. Fault measures for various fault components.

Step 2: Calculate the membership of the unknown sample.
According to the fault measure of the unknown sample, cal-
culate the membership based on the established cloud model
parameters. Let the membership values for line k are M(k).
Step 3:Calculate the BPA of each line for each type of fault

measure using Equ. (30)-(32) in order to let the BPAs obey the
basic probability rules.

D. COMBINATION OF EVIDENCE
Fault measure algorithms for transients, abrupt changing and
damped DC component are constructed above. Each algo-
rithm corresponds to a BPA function as m1, m2 and m3.
Suppose h0 = {L(0)}, h1 = {L(1)} , . . . , hk = {L(k)},
meaning L(k) is the fault line, and k = 0 means the bus as
well. 3 groups of BPA are arrived as:

m1(h0),m1(h1),m1(h2), . . . ,m1(hk ),m1(2)

m2(h0),m2(h1),m2(h2), . . . ,m2(hk ),m2(2)

m3(h0),m3(h1),m3(h2), . . . ,m3(hk ),m3(2)

The BPA represent the evidences of each line tends to
be the fault line from different aspects. Through combina-
tion algorithm in Equ. (33), the integrated BPA is arrived
to the common focused on evidences. Due to the common
supported evidences reflect diverse fault characteristics, the
common dominant fault components will be enlarged, and
thus, the integrated method is robustness to the varying of
fault circumstance.

m(hk ) = m1(hk ) ⊕ m2(hk ) ⊕ m3(hk ) (33)

The evidences combination algorithm obeys (23) and (24).

V. CASE STUDY
A. PRELIMINARY SIMULATION TO VALIDATE THE
ALGORITHM
Numerous simulation tests were carried out for SCGF fault
in distribution to test the correctness of the proposed fault
selection algorithms. The simulated network is with 10kV
nominal voltage, 5 lines, neutral compensated with a Peterson
coil of overcompensated about 10%. The fault occurs at
line 2. The fault angle is 30 degrees corresponding to the fault
phase voltage. The simulations are conducted with RT-Lab.
Fig. 7 gives the waveforms. The fault measures of each line
in this simulation are shown in Table 1. It can be seen that
the fault measures in fault line L2 is the greatest, which
verifies the correctness of the preliminary algorithm of the
fault measures.
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FIGURE 7. Waveform of SCGF simulation for compensated distribution.

TABLE 2. Line parameters of the model.

B. LARGE AMOUNT OF SAMPLES FOR CONSTRUCTING
THE CLOUD MODEL
Furthermore, to produce a great deal of samples in order to
build the cloudmodel for subsequent analysis, the white noise
as well as the power frequency interferences come from errors
of the current transformers and unbalance of the network
are imposed both to the signals. The quantities of noises
and interferences are varied randomly for each simulation
from 5% to 15% respectively. The simulations were randomly
implemented for 1000 times in different circumstances. Each
simulation results are regarded as labeled samples of a cloud
droplet for training the cloud model. In each simulation,
the parameters took different values in random. The length
of each line varied from 3km to 6km randomly, cable and
overhead line were combined randomly, the fault resistance
varied from zero to 2 kilo-ohm randomly, and the arcing
faults modeled in [29] were also conducted with different
coefficients. The unit parameters of lines are listed in Table 2.

The simulation results are divided into fault lines and
health lines. And the cloud models are trained employ these
data according to Equ. (26), (27), (28) and (29). The accom-
plished cloud model for fault group as expectation, entropy
and hyper entropy are [8.06, 2.53, 0.88], [3.96, 1.45, 0.24] and
[4.83, 1.96, 0.57] for transient, abrupt change and damped
DC, respectively. The cloud model for the health group as
expectation, entropy and hyper entropy are [0.00, 0.53, 0.15],
[0.00, 0.37, 0.04] and [0.00, 0.47, 0.13] for transient, abrupt
changing and damped DC, respectively.

Using the accomplished cloud models, the fault mea-
sures in section A of this chapter were substitute to (30)

TABLE 3. Basic probability assignment to each line and their
combination.

FIGURE 8. Example waveform of the fault.

through (32) to calculate the BPA. The BPA values for each
line and each component are listed in Table 3. The combined
BPA with D-S are also presented in Table 3. From the results
we can see that the basic probability assignment of fault line
was increased tom(L2) = 0.86, occupy predominant position
in the whole lines. While the BPAs of health lines were
decreased greatly. These results show that the combined algo-
rithm of evidence theory possess the beneficial performance
of focusing effect. This performance made the decision was
based onmultiple fault components instead of one component
merely. The fault line is clarified further no matter which
components are predominant. The robustness was improved
thus.

C. REAL EXAMPLE TO VERIFY THE EFFECTIVENESS
The SCGF signals were acquired in a 10kV substation in Hei-
longjiang province of China. The substation is dual section-
alized single bus with 8 lines at each section of the bus. Fig. 8
gives waveforms of the fault. The sampling rate is 100kHz per
channel in synchronous manner. The recorded fault data are
inputted to the proposed algorithm. The corresponding fault
measures and part of the BPA and their combination results
are given in Table 4 and Table 5. For simplification, BPAs of
only the predominant are listed

In Tab. 5, the combined results were thatm(L5) = 0.79, the
greatest, while the BPAs of the other lines are depressed. The
decision of the algorithm indicates that line 5 is the fault line,
which is consistent with the actual situation. This example
proved the effectiveness of the proposed method in practice.
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TABLE 4. Fault measures of each line for various fault components.

TABLE 5. The BPA for each line and their combination.

TABLE 6. The results of the comparison.

D. COMPARISON TO VERIFY THE ROBUSTNESS
The integrated method is compared with the individual-
component-based methods. The simulations have been done
at above-mentioned conditions for another 300 groups for
comparison. Applying the simulation cases, the transient-
based method [30] is compared with the proposed one. The
transient method takes the same dual tree wavelet. Table 6
presents the results of the comparison. From the results we
can conclude that due to the interferences, the selection of
transient method was wrong in certain cases. But as the
combination action of multifold components, the selection is
more suitable for varying circumstance. Here we use robust-
ness to evaluate the ability of the algorithm to adapt differ-
ent fault circumstances. We can conclude from the results
that, although single-signal based method was vague or even
wrong in some cases, the integrated selections gives right and
more clarified answer to indicate the fault line still. Therefore,
the proposed integrated method exhibits remarkable advan-
tage in robustness to the variation of fault circumstances than
individual component-based method.

VI. CONCLUSION
Due to the weakness of fault signals, SCGF fault line selec-
tion in distributions is still an intractable problem. Due to
the fault circumstances are complex and varied, individual
component is not reliable for line selection. Especially for
compensated distributions, as the fundamental components
are no longer effective, selection of SCGF is even more

difficult. This paper propose an ET based integrated selec-
tion method. Through the fusion of multi-fold fault compo-
nents, the performances of selection are improved obviously.
Using the fault measures, the likelihood of each line seems
to be fault line are described in quantitative, thus achieve
more flexible fusion. The transients are extracted by dual-
tree wavelet, and the damped DC are extracted with atom
algorithm. The construction of BPA functions is vital for
fusion, this paper formulated them with cloud-model based
data-driven approach, the results are objective. Case study
shows that the investigated method is robust and practical.

Sometimes, one component may play a reactive role to
fusion result if that component contains hardly any useful
information. This paper provides only the fusion strategy for

SCGF line selection, but which components in what condi-
tions ought to participate in the fusion, are not answered still,
such problems are worthy to research further.
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