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Abstract: Fault line detection timely and accurately when single-phase-to-earth fault occurs in
resonant grounding system is still a focus of research. This paper presents a new approach for
fault detection based on data fusion and it has non-artificial setting. Firstly, the fault criterion
for interphase difference energy ratio and time-frequency correlation coefficient of each line is
proposed. Subsequently, the paper establish a coordinate system with the interphase
difference energy ratio as X axis and the time-frequency correlation coefficient as Y axis, and
it uses the Euclidean distance algorithm to get the characteristic distance of each line by
fusing two-dimensional information. Finally, comparing the sound distance and the fault
distance of each line to discriminate the fault line. Electromagnetic Transients Program
(EMTP) simulation results and adaptability analysis have confirmed the effectiveness and
reliability of the proposed scheme.

Keywords: fault line detection, data fusion, non-artificial setting, sound distance, fault
distance, resonant grounding system.

1. Introduction

Power distribution system is widespread and complicated. Due to the advantage of
eliminating the instaneous single phase-earth fault automatically and extinguishing arc
developed by ground capacitive currents, resonant grounded neutral point is widely used in
medium-voltage (MV) distribution system of the world. when a single phase-earth fault occurs,
the configuration allows the distribution system continue to operate 1-2 hours!’?. However,
the faulty feeder must be detected within a requied time frame. Traditional fault detection
methods have limitations in detecting fault feeders. This is due to the compensation of
petersen coil in the resonance grounding system and the fault current at ground point is very
low magnitude.

Recently, many faulty feeder detections and protection schemes for the single-phase earth
fault have been proposed by scholars, which can be divided into three main categories:1) the
protection schemes based on steady-state signals of fault currents; 2) the protection schemes
based on transient signals of fault currents; 3) the protection schemes based on the multisource
of the fault information; The first-type methods>* (such as the magnitude of zero-sequence
current, zero-sequence impedance and zero-sequence active power) use the steady-state
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signals of fault currents, but it has inherent limitations since the low magnitude of fault
currents. The second-type methods (such as wavelet packet®®! transform, Hilbert-transform/'!
and travelling waves [11'12) are utilized to extract the magnitude and pole characteristic of
transient signals. Due to the influence of fault condition and instability of transient signals,
most of the protection schemes based on these analysis methods are either lack of antijamming
capability or just applicable to certain fault conditions. Recently, the second-type methods(such
as clustering analysis!'*14, evidence fusion’>1%, and fuzzy neurall’”-8), collecting all kinds of
fault information and inte-grating all kinds of fault identification approaches, provide an
effective approach for single phase-earth fault protection. However, these protection methods
huneed complex process.

In order to solve the above problems, the fault criterion for interphase difference energy
ratio and time-frequency correlation coefficient of each line is proposed in the paper, and it
fuses two criterion to detect the fault feeder by euclidean distance. Therefore, not only does it
allow the selection criterion to have a large margin of error, but also the reliability is increased.
Section II introduces the characteristic analysis of sudden variable, fundamental theories and
mathematical principles. Section III briefly presents the proposed feature extraction and
formation of data, and Section VI shows the results of the Electromag-netic Transients Program
(EMTP) and MATLAB simulation analysis.

2. Characteristic Analysis of Sudden Variable
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Figure 1. The model char in the context that single phase-earth fault occurs in resonant grounding
system.

The characteristics of a sudden variable current is analyzed in a resonant grounding system.
The system diagram is shown in figure 1. Now i1 4+ i1~ i1c ~ i24~ i2p ~ i2c are phase currents
of the three-phases feeder when the single phase-earth fault occurs in phase A, and j ¢ ~ i15c ~
iicc ~ iaac ~ iapc ~ iacc are the grounding capacity current of the three-phases feeder
respectively, then i~ d1g~ fiLc~ iaga~ ias~ iapc are the load current of the three-phases
feeder respectively. Finally, 4, is the displacement voltage at a neutral point.

In order to detect a difference in the following analysis, the the electric quantity after the
failure becomes a variable with superscript, thus the variable without superscript can be the
electric quantity before the failure.

The sudden variable Ai, for each phase at the sound feeder can reach the following
conclusions in the sudden variable for the sound phase at the fault feeder from the referencel™!:

d(uo —uy)

— 1
" (1)

Where Aiy, is sudden variable about p phase at feeder k.

Alkp :lkp _lkp = Ck
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And the following conclusions can be drawn for the sudden variable Ai,, for the fault
phase at fault feeder 2 from the reference!?’!:

d(uo—uy) .
v +i, (2)
Therefore, when a single phase-earth fault occurs in the system, sudden variables from

three phases at the sound feeder are roughly the same and small in variance The sudden

variables of two sound phases at the fault feeder are also roughly the same and small in
variance, but the sudden variable of its fault phase is larger than the other phases.

In order to highlight the fault boundary between the fault feeder and the sound feeder, a
new concept presented in this paper is to interphase a different energy ratio, which can be
obtained by the following equation:

Ay =i24—1y,=C,

Ey
]
2y
k=1
Where ¢, is the interphase difference energy ratio for the first k feeder, and 1 is the total

number of feeders in the system. E; is the interphase difference in energy of a sudden
variable from the first k feeder, which can be obtained by the equation as follow:

E, =max D (i () =Nigp)’, D (NigglD)=Aipo)’, Y (M) =i )} “4)
i=l i=l i=l

It can be known from the above formula that the interphase difference in energy of a
sudden variable will be close to 0 in the sound feeder, whereas the interphase difference in
energy of a sudden variable about the fault feeder will be much larger than that of the sound
line. Therefore, it can be further known that the interphase difference energy ratio will be close
to 1 for the fault feeder, and the interphase difference in energy ratio for the sound feeder will

be close to 0, making it easy to distinguish the fault boundary.

3)

ek=

3. New Criterion of the Fault Detection Based on Data Fusion

Although the interphase difference energy ratio proposed in this paper can be useful in
distinguishing the fault boundary between the fault feeder and the sound feeder, it is not
enough to simply apply this criterion only for fault detection.

It is known that the correlation coefficient between any two sound feeders regarding
time-frequency subsection is close to 1 by reference [20], while the correlation coefficient
between any sound feeder and fault feeder regarding time-frequency subsection is close to -1.

In order to achieve the goal where the final criterion will be more adaptable in detecting
fault feeders for resonant grounding systems with complex structures, this paper puts forward
a non-artificial setting method for use in fault detection, which combines the correlation
coefficient of time-frequency subsection p; and interphase difference energy ratio e;.

The reference [21] is based on a correlation coefficient of the time-frequency segmentation.
This is calculated by a wavelet packet tool which is able distinguish the fault feeder, however it
remains difficult to select the wavelet base on a wavelet packet. To avoid this situation, this
paper will calculate the correlation coefficient of time-frequency subsection by S transform.

The correlation coefficient for the time-frequency subsection of the fault feeder is close to
-1, and the sound feeder is close to (/—3)/(I-1). Therefore, it is known that the coordinate
point for the sound feeder is close to the sound point ( (/=3)/(/=1),0). When the correlation
coefficient of the time-frequency subsection and interphase difference energy ratio are as
abscissa and ordinate respectively, then the coordinate point for the fault feeder is close to the
fault point (-1,1) . Thus the two euclidean distances from the coordinate point (e;,0;) for the
feeder to both the fault point and the sound point can be utilized to detect whether a particular
feeder is a fault feeder. They can be identified as fault distance dir and sound distance d,, for
the feeder. Their relationship is shown as:

-3
dy, = \/(pk _lTl)z + (e )2 (5)
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dy =\(pp +1)* +(e, =1)° (6)

When a single phase-earth fault occurs in the system, the feeder can be regarded as a
sound feeder if its sound distance is less than the fault distance for the feeder, or it is fault. The
fault should occur in the bus when a single phase-earth fault occurs in the system in the
context that the whole feeder is detected as a sound feeder. This method combines the two
criteria without artificially setting a threshold value to distinguish the fault boundary.
Additional, in comparison to existing intelligent data fusion algorithms, training samples have
no effect on this method, making it more practical. The specific criterion flow chart is shown in
figure 2, where Uj. U,,are zero sequence voltage and rated voltage in system respectively.
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Figure 2. Flow chart of detecting fault feeder.
4. Simulation Analysis

4.1. Simulation Model

The 10 kV model for a resonant grounding system based on EMTP is shown in figure 3.
Five feeders are utilized in the system, where the lengths for each feeder are illustrated in the
diagram. Bold lines indicate the cable feeder, and thin lines indicate the overhead feeder. The
Parameters of feeder are shown in Table I and Table II. The over compensation degree for the
petersen coil is 8%, and the inductance value in the system is calculated as 0.471H by the
reference [20]. The sampling frequency is set at 10kHz.
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Figure 3. Simulation model char.

Table 1. The parameters of overhead lines

Phase-sequence R(Q/km) L(mH/km) C(MF /km)
Positive-sequence 0.1700 1.2096 0.0097
Zero-sequence 0.2300 5.4749 0.0060

Table 2. The parameters of cable lines

Phase-sequence R(Q/km) L(mH/km) C(uF /km)
Positive-sequence 0.2700 0.2550 0.3390
Zero-sequence 2.7000 1.0190 0.2800

4.2. Simulation Results and Analysis

The feasibility of this method is verified by simulating a set of experiments based on a
single phase-earth fault. The simulation conditions are shown below: A single phase-earth
fault occurs in 1km at feeder 1, the initial fault angle ¢ is 0, the grounding resistance £/ is
50 O, fault phase is A. At this time, the sudden variables of three phase currents at feeder 1to 3
are shown respectively in figure 4~6, and time-frequency subsections are shown respectively in

figure 7~9.
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Figure 4. Sudden variables of three Figure 5. Sudden variables of three Figure 6. Sudden variables of three

phase current at feeder 1. phase current at feeder 2. phase current at feeder 3.
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It is known from these figures that sudden variables of three phase currents for the sound
feeder are basically the same. The sudden variables of two sound phase currents for the fault
feeder are also basically the same, but the sudden variable of the fault phase current is larger
than either of the two sound phase currents. For the time-frequency subsection, the directions
of waveform for the sound feeders are the same, and they are in the inverse direction of the
fault feeder.

Interphase difference energy ratios obtained by formula (3) are shown as [1,0,0,0,0]. The
correlation coefficient of the time-frequency subsection for each feeder, as obtained by
reference [12], are shown as [-0.999, 0.500, 0.500, 0.500]. Therefore, the sound distance and fault
distance for each feeder obtained by the formula (5)+(6) are shown respectively as below [1.802,
0, 0,0, 0] and [0.001, 1.803, 1.803, 1.803, 1.803]. Because the fault distance in the feeder 1 is less
than the sound distance it can be determined that feeder 1 is the fault feeder.

In order to further verify the applicability of this method, simulations are conducted under
different fault conditions, including different feeders, different initial phase angles, different
grounding resistances, and different locations. Simulation results for fault distance and sound
distance of each feeder are showed in Table III, which L, is the fault feeder and &, islocation
at the fault feeder.

Table 3. The results about fault distance and sound distance every feeder

X, R, )
L, d d d d d.
) /! /2 13 dry /3 Sd, dg dy dys result
/k /
m Q
0.0 1.8 1. 1. .
1 5 0 1.80 1.80 0.00 0.00 0.00 0.00 right
0 0 80 80
00| 18 L] 1 ,
1 5 1k 30 1.80 1.80 0.00 0.00 0.00 0.00 right
1 0 80 80
00| 17 .| 1 ,
9 50 90 1.77 1.78 0.03 0.04 0.03 0.07 right
3 8 75 78
18| 00 .| o ,
25 5 0 1.80 1.80 1.80 0.00 0.00 0.00 right
0 0 80 00
12. 1.8 0.0 1. 0. R
2 1k 30 1.80 1.80 1.80 0.00 0.00 0.00 right
5 0 0 80 00
2. 17 | 00 L] o ,
50 90 1.76 1.77 1.74 0.04 0.04 0.07 right
5 3 7 75 09
1.8 1.8 1. 0. .
1 5 0 0.00 1.80 0.00 1.80 0.00 0.00 right
0 0 80 00
1.8 1.8 1. 0. .
3 5 1k 30 0.01 1.80 0.01 1.79 0.01 0.01 right
0 0 80 01
1.7 1.7 1. 0. .
9 50 90 0.08 1.77 0.04 1.73 0.04 0.04 right
2 6 77 10
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2.2 2.1 2. 0. X
0 5 0 2.05 215 0.54 0.75 0.54 0.50 right
3 5 23 50
b 10 2.2 2.2 2. 0. .
0 30 2.05 2.09 0.50 0.71 0.63 0.49 right
us 00 0 1 22 48
1.5 19 2. 0. .
0 50 920 1.83 1.91 0.24 0.62 0.43 0.25 right
4 6 00 31

Because of space limitations, only the results for the correlation coefficients of
time-frequency subsection are shown in Table IV in the context that increases the contrast. By
gathering data from a large number of results, the threshold value of this method can be set as
-0.25. From the Table III, it is known that the fault distance and sound distance for a sound
feeder are close to 1.8 and 0 respectively. The fault distance and sound distance for a fault
feeder are close to 0 and 1.8 respectively. The effectiveness of detection for this method is better
by comparing the results in Table IV. This method has a large criterion margin without
artificial setting a threshold value, resulting in a higher level of reliability.

5. Conclusions

In order to increase detection reliability, this paper puts forward a non-artificial setting
method for fault detection based on data fusion for resonant grounding systems. This method
uses euclidean distance algorithm to get the characteristic distance of each line by fusing
two-dimensional information. From our theoretical studies and simulation results the
following conclusions may be drawn:

(1) When different types of single-phase earth faults occur in the distribution network, the
fault distance and sound distance for a sound feeder are close to 1.8 and 0 respectively, the
fault distance and sound distance for fault feeder are close to 0 and 1.8 respectively. Therefore,
this method is better able to detect a fault feeder, it can overcome the effects which are
influenced by power grid structure. fault resistance and initial phase angle.

(2) The fault distance is determined by calculating the sound distance and fault distance of
each line through the euclidean distance algorithm. It is not necessary to manually set the
threshold, which improves the reliability of the fault line selection.

(3) This method is more objective and suitable at detecting a fault feeder in complex resonant
grounding systems, therefore it is expected to be useful for practical application.
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