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Abstract: This paper proposes a novel faulted section location method for power distribution networks
based on the status information collected by fault-indicating equipments. It has an advantage that it
does not need to analyze and calculate any electrical parameters, and it is not affected by fault types
and system parameters, so this method can be easily applied to power distribution networks. Firstly,
a novel method for automatically constructing a line list is proposed in this paper—it can represent
the topology structure of the power distribution line and the status information of fault-indicating
equipment. Based on the line list, a topology search algorithm is proposed in the method to locate the
faulted section. Considering that information loss will cause errors in the line list, an information loss
detection algorithm is proposed to detect and correct the wrong status of fault-indicating equipments.
Then, different fault conditions such as single fault, multiple faults, distributed generations in system
and information loss condition are tested in power distribution networks with different topologies,
and the simulation results indicate that the proposed method can deal with each case well. Moreover,
the proposed fault location method has an advantage that the running time does not necessarily
increase when the node scale is expanded.

Keywords: power distribution network; fault location; feeder terminal units; fault indicator;
topology identification

1. Introduction

Distribution networks are becoming more intelligent and complex with the development of
the society. According to statistics, almost 80% of faults are observed in distribution networks [1].
More importantly, distribution networks are connected with users directly, so the study on fast and
accurate fault location method of distribution networks is particularly important.

Various fault location methods have been proposed before. The impedance method is simple in
principle and requires less investment, but it is easily affected by transition resistance and branches [2-5].
The traveling wave method requires high accuracy of the measuring equipments, but the cost of
equipment is very high. Moreover, it is necessary to install equipment on multiple branches, and it
is difficult to accurately synchronize the multi-terminal traveling wave signals, so this method is
also difficult to apply in the distribution network [6-8]. Other fault location methods that have been
proposed include minimum fault reactance methods [9,10], the genetic algorithm [11,12], and the
pattern recognition method [13,14]. In [11], the classical genetic algorithm has good fault tolerance,
but for the random iteration and lack of guidance, it is easy to fall into a local optimum. Reference [12]
improved the classical genetic algorithm proposed in Reference [11], through searching the solution
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space by multiple-population collaboratively and improving the convergence conditions, meaning that
the possibility of falling into a local optimum was reduced. However, when distribution networks
are expanded to hundreds or thousands of nodes, the calculation work will increase greatly, and the
accuracy of the results will also be reduced. Some researchers use pattern recognition methods, and the
already-trained artificial neural networks are applied to judge the faulted section [13,14]. However,
when the topology of distribution network changes, the artificial neural networks will take a lot of
time to be retrained.

As more and more feeder terminal equipments, such as feeder terminal units (FTUs) and fault
indicators (FIs), are applied in power distribution networks, using fault status signals collected by
feeder terminal equipments to achieve accurate and fast fault location has become an important
research topic. In addition, distributed generations applied in distribution networks and information
loss of equipments have put forward higher requirements for the research of fault location [15,16].

So far, scholars from different countries have proposed some fault location methods based on
information of FTUs. In [17], a fault location method based on the measurement of sparse voltage
amplitude was proposed, it uses the voltage information of some measuring points. Although the
number of required measuring points is reduced by the Bayesian compressed sensing theory,
the selection of measuring points is very strict. When the topology of distribution network changes,
all measuring points need to be reselected, so this method is not suitable for the distribution network if
the topology structure changes frequently. The method of linear integer programming was used to
locate the fault point in [18], which improves the fault tolerance performance of swarm intelligence
algorithm. But the author only considered single power supply when designing the mathematical
model of distribution networks, and the constructed function is not applicable to the distribution
networks with distribution generations (DGs). When DG provides a fault current in a reverse direction,
this method will not be applicable for this condition. In [19,20], fault location methods that take DGs into
consideration were proposed. Both methods can eliminate the influence of distorted information on the
results, so the methods have high fault tolerance performance. However, the author of Reference [19]
only took the case of single fault into consideration when designing the mathematical model of
distribution networks; if there are multiple faults at the same time, the mathematical model is not
applicable. Meanwhile, the method proposed in Reference [20] is only applicable to the opened-loop
distribution networks, when the distribution network is under closed-loop operation, it cannot locate
multiple faults occur at the same time. Reference [21] proposed a fault segment location algorithm based
on Bayesian estimation which can solve the problem of single fault and multiple faults. It also uses the
overcurrent information collected by FIUs, but this method requires high accuracy of information.
When the status information is lost, it will output wrong results, so this algorithm does not have
good fault tolerance performance. In [22], a fault location method based on Improved Cuckoo Search
Algorithm was proposed. The author considered the fault tolerance of fault location and the possible
signal loss condition. However, this method cannot detect the nodes with information loss—this
will lead to it missing a lot of valuable information. For example, if a piece of equipment often loses
information, this indicates that the equipment may need to be repaired. In the above references, each of
the methods has some shortcomings.

In this paper, considering all the shortcomings of the methods mentioned above, a novel faulted
section location method for distribution network based on status information of fault-indicating
equipments is introduced. The five novelties of this method are as follows:

1.  The method in this paper is different from others which analyzed electrical quantity. It uses
status information of fault-indicating equipment, so it does not need to analyze and calculate any
electrical parameters, and it is not affected by the fault type or fault resistance.

2. A line list is proposed in the method and it can be constructed automatically to represent the
topology of the distribution network and status information of fault-indicating equipment.
Moreover, it can be updated automatically when the topology of distribution network changes.
Therefore, it is suitable for the distribution networks with frequent topology structure changes.
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3. A topology search algorithm is proposed in the method to locate the faulted section; it is not only
applicable for single fault, but also for multiple faults on different branches. Simulation results
indicate that the proposed topology search algorithm is suitable for distribution networks with
distributed generations. Therefore, the fault location method in this paper is applicable for solving
complex fault conditions in distribution networks.

4. Considering that the loss of information may lead to errors in the line list, an information
loss detection algorithm is proposed in the method to detect and correct the wrong status of
fault-indicating equipments. It can eliminate the possibility of a local optimal solution for the
topology search algorithm in advance, so it greatly improves the accuracy of fault location results.

5. Based on amount of simulation results, the proposed fault location method has an advantage that
the running time of algorithms does not necessarily increase when the node scale is expanded.

The remainder of this paper is arranged as follows. Section 2.1 defines the status of fault-indicating
equipment according to the fault current direction. In order to describe the topology structure of power
distribution lines and the status of fault-indicating equipments, a method for constructing the line
list is proposed in Section 2.2. Section 3.1 proposes a topology search algorithm to locate the faulted
section, which can deal with single fault and multiple faults on different branches well. In Section 3.2,
considering the possibility of information loss, an information loss detection method is proposed
to correct the line list. In Section 4, different fault conditions are simulated to test the proposed
method in the IEEE-33 node distribution network and IEEE-34 node distribution network. In Section 5,
the proposed method is compared with other fault location methods in various complex conditions.

2. Description of Line Topology

In this section, a method to definite the status of fault-indicating equipment and a method for
constructing the line list are introduced.

2.1. Definition of Equipment Status

With increasing use of intelligent measuring equipment such as feeder terminal units (FIUs)
and fault indicators (FIs), it makes distribution networks more intelligent. Generally speaking,
FTUs are installed at switches, and fault indicators are installed on feeders. In this paper, FTUs and
fault indicators are collectively referred to as fault-indicating equipment (FIE). When a fault occurs,
there will be a fault current flowing from the substation to the fault point. Then, the fault-indicating
equipment can collect the overcurrent information and report it to the control center.

1,  FIEis forwardtriggered
Status =3 0, FIE is not triggered 1)
-1, FIEis reversetriggered

Additionally, distributed generations will also provide a fault current to the fault point. In order
to distinguish the direction of fault current, the positive direction is defined as from the substation
to the end of the line. When the fault-indicating equipment detects a fault current flowing from the
substation to the fault point, it is forward-triggered, and the status of FIE is defined as “1”. When it
detects a fault current flowing in the reverse direction, it is reverse-triggered, and the status is defined
as “—1”. When there is no fault current detected, the status is defined as “0”. The three kinds of status
can be represented as Equation (1).

2.2. Construction of Line List

For an open-loop power distribution networks with multiple power supplies, it can be divided
into many single-power radiation-type distribution networks with the help of regional division
theory [23,24].
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In this paper, the concepts of “upstream” and “downstream” are used to clearly represent the
adjacency relationship between FIEs. Taking a radial distribution network shown in Figure 1 as an
example, FIE-2 is closer to the substation than FIE-3, so FIE-2 is on the upstream of FIE-3, and FIE-3 is
on the downstream of FIE-2. When there is a branch, FIE-2 and FIE-4 are both on the downstream of
FIE-1, and FIE-4 is on the upstream of FIE-5 and FIE-7.

2 2 3 3
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g N N N Ve VY
|U -/ U/ N\
4
5 6
N N
U/ /
5 6

Figure 1. A typical radial distribution network.

In the topology of a power distribution line, each FIE is regarded as a node to divide the line
into sections, then we can locate the faulted section by finding out the nearest equipment’s number at
first. For example, if the fault location result indicates FIE-2, it can represent that there is a fault on
Section 2. First, we number each FIE in the defined positive direction. Then, through communication
among adjacent FIEs, the number of upstream and downstream FIEs can be automatically identified
and filled into the line list. In this way, a line list can be constructed automatically to describe the
location and status of all fault-indicating equipments in a distribution line. The line list of Figure 1 is
shown in Table 1.

Table 1. The line list of Figure 1.

Equipment Number Status of Equipment Upstream Equipment Downstream Equipment
1 0 - 2and 4
2 0 1 3
3 0 2 -
4 0 1 5and 7
5 0 4 6
6 0 5 -
7 0 4 8
8 0 7 9
9 0 8 -

In addition, when the topology of a power distribution line changes, we only need to renumber
all the FIEs in the line, then through the communication among adjacent FIEs, a new line list will be
constructed automatically.

3. Fault Location Method

In this section, a topology search algorithm to locate the faulted section is introduced.
Considering information loss will cause errors in the line list, an information loss detection algorithm
is proposed to detect and correct the wrong status. Both algorithms have been implemented
programmatically in MATLAB, and the flow chart of the fault location method is shown in Figure 2.
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Figure 2. Flow chart of fault location method.
3.1. Topology Search Algorithm

When a fault occurs in the power distribution line, there will be a fault current flowing from
the substation to the fault point, then the FIEs between the substation and the fault point will be
triggered. Generally speaking, the faulted section is on the nearest downstream of the last triggered
FIE. So, if the last triggered fault-indicating equipment is identified, the faulted section can be located.
Based on the line list proposed in Section 2.2, a topology search algorithm to find out the last triggered
fault-indicating equipment is proposed. This algorithm is not only applicable to single fault, but also
to multiple faults on different branches.

In this method, there are five variables: i, j, k, m, n. Variable k represents the equipment number of
fault-indicating equipment in the iteration process. Variables j, k, m and n are iteration parameters to
record the times of iterations and judgment conditions. Array R[] is used to record the equipment
number of the last triggered fault-indicating equipment. Array A[] is used to store the triggered
equipment number of a branch during the iteration process.

The procedure for the topology search algorithm is explained in detail in the following steps,
and the flow chart of this method is shown in Figure 3.

Step1 Set the initial values of k, j and m as 1; set the initial values of i and n as 0;

Step2 Check the status of the kth FIE. If the status is “1”, then continue to the next step; if the status
isnot “1”, go to step 7;

Step3 Check the quantity of the FIEs that are on the nearest downstream of the kth FIE. If there is only
one equipment, then continue to the next step; if there are more than one piece of equipment,
go to step 5; if there is no equipment, assign k to R[m] and set m = m + 1, then go to step 6;

Step4 Check the status of the nearest downstream equipment. If the status is not “1”, assign k to R[m]
and set m = m + 1, then go to step 6; if the status is “1”, then assign the equipment number of
the downstream FIE to k and go back to step 3;

Step5 Check the status of all the nearest downstream FIEs. If the status of all FIEs is not “1”, assign k
to R[m] and set m = m + 1, then go to step 6; if the quantity of FIEs in status “1” is greater than
1, assign the quantity of FIEs in status “1” to n, and assign the numbers of them to A[i + 1],
..., Ali + n] separately, then set i =7 + 1, go to step 6; if there is only one FIE in status “1”,
assign its number to k and go back to step 3;

Step6 Determine the magnitude of i and j. If j > i, go to step 7; otherwise, assign A[j] to k and setj =
+ 1, then go back to step 3;



Appl. Sci. 2020, 10, 5910 6of 17

Step7 Stop the iteration and output R[]. Each number in R[] means that there is a fault on the nearest
downstream section of the fault-indicating equipment.

k=1,m=1,j=1,
n=0,i=0

Step 1

v

Check the status of
the kth FIE

Step 2

No

Step 3

Quantity

Check the quantity of the FIEs on greater than
y ¥ P the nearest downstream of the kth H] 1?
FIE
Assign the Step 4 i < Check the status of all
number of Check the status of the Yes the nearest
downstream nearest downstream FIE A downstream FIEs
FIE to k Assign k to R[m],
A setm=m+1
® Fhie quantity™s
Yes FIE in
Assign A[j] to k, No s
setj=j+1 Assign k to R[m],
A setm=m+1
Assign the L)
4 number of the Quantity is
* FIE to k sreater than 17
Determine the —h—
Step magnitude of i and j A
Assign the

No i quantity ton,
j= and seti=i+n

Yes

A
Assign the numbers of
FIE in status “1” to
Ali +1],...,Ali + 1]
separately

A

Step 7 | Output R[m]

End

Figure 3. Flow chart of the topology search algorithm.
3.2. Information Loss Detection Algorithm

Considering that FTUs and Fls are installed outdoors, information loss often occurs in the process
of information collection and transmission. This may cause errors in the line list and lead to a local
optimum of the topology search algorithm. Therefore, this section proposes an information loss
detection algorithm to detect the FIE with information loss and correct the wrong status in the line list.
This can eliminate the possibility of local optimal for the topology search algorithm in advance, so it
improves the accuracy of fault location method. Moreover, if a piece of fault-indicating equipment
often loses status information, this indicates that the equipment may need to be repaired.

In this method, there are five variables: j, k, m, n, a. Variable k represents the equipment number
of fault-indicating equipment in the iteration process. Variable a represents the maximum number of
all triggered FIEs. Variables j, m and n are iteration parameters to record the times of iterations and
judgment conditions. Array L[] is used to record the equipment number of the FIE with information
loss. Array B[] is used to store the equipment number of a branch during iteration process.

The procedure for the information loss detection algorithm is explained in detail in the following
steps, and the flow chart of the method is shown in Figure 4.
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Determine the maximum number of all triggered FIEs in the line list, and assign the value of
quantity to a. Set the initial values of k and m as 1; set the initial values of j and n as 0;

If k < a, check the status of the kth FIE and continue to next step; if k > a, go to step 7;

If the status of the kth FIE is “1”, set k = k + 1 and go back to step 2; if the status of the kth FIE
is not “1”, check the status of the FIE which is on the nearest upstream of the kth FIE; if the
status is “1”, continue to next step; otherwise, go to step 6;

Check the quantity of the FIEs that are on the nearest downstream of the kth FIE, and assign
the quantity of the FIEs to n. If n # 0, assign the number of the nearest downstream FIE to B[j +
1], ..., Blj + n] separately, then go to step 5; if n = 0, go to step 6;

Check the status of all the FIE in B[]. If the status of all FIEs is not “1”, continue to next step;
if the quantity of FIEs in status “1” is greater than 1 or equal to 1, assign k to L[m], set m = m +
1and k = k + 1, then go back to step 2;

Set k = k + 1, then go back to step 2;

Stop the iteration and output L[]. Each equipment number in L[] means that the information
of this FIE is lost, then correct the status of this FIE to “1”. If there are no equipment numbers
in L[], it means there is no information loss equipment.

k=1,m=1,j=0,n=0,
assign the maximum number of || Step 1
all triggered FIEs to a

t

»ie
Y
No
Step 2 k<a?
Yes
Check the
status of the v
kth FIE
Output L[m] |Step 7
Yes
Step 6|| Setk=k+1 Step 3
A
No
Check the status on Y
tthe neafrii}tl FIE Correct the status of
upsiream o FIEsin L[m] to “1”
Assign k to L[m],
No @ setm=m+1,
k=k+1
Y A
Yes End
Assign the quantity
of the downstream | Step 4
FIEs of kth FIE to n
>
Yes
Step 5
Assign the numbers
of downstream FIEs » | Check the status
to B[j +1],...,B[j + n] ”| of all FIEs in B[ ]

separately

Figure 4. Flow chart of the information loss detection algorithm.
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4. Simulation Analysis

In this section, different types of simulations are carried out to verify the validity of the proposed
fault location method. Considering space limitation, several examples of each fault type tested in the
IEEE-33 node distribution network and the IEEE-34 node distribution network are shown in this paper.

4.1. Test Case 1: Single Fault

In Figure 5, assume that a single fault is on the nearest downstream section of FIE-26 in the
IEEE-33 node distribution network. Then, there will be a fault current flowing from the substation
to the fault point, and the fault-indicating equipment between the substation and fault point will be
forward-triggered—this equipment includes FIE-1, 2, 7, 11, 12, 13, 22, 23, 24, 25, 26. According to the
definition of equipment’s status in Section 2.1, the status of triggered FIEs is defined as “1”, and the
status of not triggered FIEs is defined as “0”. Then, the line list in this case is shown in Table 2—it will
be sent to the topology search algorithm to locate the faulted section.

fault location

Figure 5. Single fault in the IEEE-33 node distribution network.

Table 2. The line list of Figure 5.

Equipment Status Upstream  Downstream Equipment Status Upstream Downstream
Number Equipment  Equipment Number Equipment Equipment
1 1 — 2 18 0 17 19
2 1 1 3and 7 19 0 18 20
3 0 2 4 20 0 19 21
4 0 3 5 21 0 20 —

5 0 4 6 22 1 13 23
6 0 5 — 23 1 22 24
7 1 2 8and 11 24 1 23 25
8 0 7 9 25 1 24 26
9 0 8 10 26 1 25 27
10 0 9 — 27 0 26 28
11 1 7 12 28 0 27 29
12 1 11 13 29 0 28 30
13 1 12 14 and 22 30 0 29 31
14 0 13 15 31 0 30 32
15 0 14 16 32 0 31 33
16 0 15 17 33 0 32 —

17 0 16 18

By applying the topology search algorithm proposed in Section 3.1, the iterative process in
MATLAB is shown in Figure 6, and the operation steps of the topology search algorithm and the fault
location result are shown in Table 3. It can be seen in Figure 6 and Table 3, the final result array R[1]
= 26 correctly indicates that the fault point is on the nearest downstream section of FIE-26, which is
consistent with the fault location we set in Figure 5. This proves that the fault location method can
effectively locate a single fault.
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30 —+—Variable k Variable m Variable j Variable n —s—Variable i

25 A
_A— R[1] =26

20

15

Equipment number

10

0 S S S S
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Iteration times

Figure 6. Iterative process of test case 1.

Table 3. The operation steps of test case 1.

Step k m ] n i RIl All Step k m n i RI] All
M 1 1 1 0 0 GY 2 1 1 0 0

@ 1 1 1 0 0 @ 2 1 1 0 0

G 1 1 1 0 0 @ 23 1 1 0 0

@ 2 1 1 0 0 G 23 1 1 0 0

G 2 1 1 0 0 @ 24 1 1 0 0

Gy 7 1 1 0 0 G 24 1 1 0 0

G 7 1 1 0 0 @ 25 1 1 0 0

G/ 11 1 1 0 0 @ 25 1 1 0 0

G 1 1 1 0 0 @ 26 1 1 0 0

@ 12 1 1 0 0 G 26 1 1 0 0

G 12 1 1 0 0 @ 26 2 1 0 0 R[1]=26
@ 13 1 1 0 0 & 26 2 1 0 0 R[1]=26
G 13 1 1 0 0 @ 26 2 1 0 0 R[1]=26

4.2. Test Case 2: Multiple Faults

In Figure 7, there are multiple faults that occur in the distribution network at the same time.
Assuming that a fault point is on the nearest downstream section of FIE-9, another fault point is on the
nearest downstream section of FIE-16. Then, there will be a fault current flowing from the substation
to fault location 1 and another fault current flowing from the substation to fault location 2. Then,
the fault-indicating equipment between the substation and fault points will be forward-triggered,
including FIE-1, 2,7, 8, 9,11, 12, 13, 14, 15, 16. Then, the line list in this case is shown in Table 4—it will
be sent to the topology search algorithm to locate the faulted sections.

5
O—

30 4

11 @12 @ 130 22222305 4 2 2529 26 % 27 2 2829 29 2930 €0 316132 23
- —0—0 O —O0—0O0—0—0—0—0—0—

15

fault location 2

fault location 1

Figure 7. Multiple faults in the IEEE-33 node distribution network.
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Table 4. The line list of Figure 7.

Equipment Status Upstream  Downstream Equipment Status Upstream Downstream
Number Equipment  Equipment Number Equipment Equipment
1 1 — 2 18 0 17 19
2 1 1 3and 7 19 0 18 20
3 0 2 4 20 0 19 21
4 0 3 5 21 0 20 —

5 0 4 6 22 0 13 23
6 0 5 — 23 0 22 24
7 1 2 8and 11 24 0 23 25
8 1 7 9 25 0 24 26
9 1 8 10 26 0 25 27
10 0 9 — 27 0 26 28
11 1 7 12 28 0 27 29
12 1 11 13 29 0 28 30
13 1 12 14 and 22 30 0 29 31
14 1 13 15 31 0 30 32
15 1 14 16 32 0 31 33
16 1 15 17 33 0 32 —

17 0 16 18

By applying the algorithm proposed in Section 3.1, the iterative process in MATLAB is shown in
Figure 8, and the operation steps of the topology search algorithm and the fault location result are
shown in Table 5. The final result array R[1] = 9 correctly indicates that fault location 1 is on the nearest
downstream section of FIE-9, and another final result array R[2] = 16 correctly indicates that fault
location 2 is on the nearest downstream section of FIE-16, which is consistent with the fault points
we set in Figure 7. This proves that the fault location method can effectively locate multiple faults
occurring at the same time.

Table 5. The operation steps of test case 2.

Step k mj n i RI] All Step k mj n i RI] All
1) 1 1100 3) 11 2 3 2 2 R[1]=9 All] =8; A[2] =11
2) 1 1100 (4) 12 2 3 2 2 R[1]1=9 All]=8; A[2] =11
3) 1 1100 3) 12 2 3 2 2 R[1]=9 A[1]=8; A[2] =11
(4) 2 1100 4) 13 2 3 2 2 R[1]=9 All] =8; A[2] =11
3) 2 1100 3) 13 2 3 2 2 R[1]1=9 All]=8; A[2] =11
5) 7 1100 5) 4 2 3 2 2 R[1]=9 A[1]=8; A[2] =11
3) 7 1 1 00 3) 4 2 3 2 2 R[1]=9 All] =8; A[2] =11
5) 7 112 2 All]=8; A[2] =11 4) 15 2 3 2 2 R[1]1=9 All]=8; A[2] =11
6) 8§ 1 2 2 2 A[1]=8; A[2] =11 3) 15 2 3 2 2 R[1]=9 A[1]=8; A[2] =11
3) § 1 2 2 2 All] =8; A[2] =11 4) 16 2 3 2 2 R[1]=9 All] =8; A[2] =11
4) 9 1 2 2 2 All]=8; A[2] =11 3) 16 2 3 2 2 R[1]1=9 All]=8; A[2] =11
3) 9 1 2 2 2 A[1]=8; A[2] =11 4) 16 3 3 2 2 R[A]=9R[2]=16 A[1]=8 A[2]=11
(4) 9 2 2 2 2 R[1]=9 All]l=8§A[2]=11 6) 16 3 3 2 2 R[A]=9;R[2]=16 A[l]=8;A[2]=11
6) 11 2 3 2 2 R[1]=9 A[1]=8 A[2]=11 7) 16 3 3 2 2 R[A]=9R2]=16 A[1]=8; A[2]=11
18 —+—Variable k Variable m Variable j Variable n —#—Variable i
16 F———— e e o —e—— — 06— —o
— R[2]=16
14 —
s — o
£ r—
E L A
°Ez 8 — R[1]=9
4
2 pe < * * * * * * e % % % % % % % > * % % V3 o3 X
0 e e e /

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Iteration times

Figure 8. Iterative process of test case 2.
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4.3. Test Case 3: DGs in Power Distribution Network

In order to test the performance of the proposed method for the condition of DGs in distribution
networks, Figure 9 is an example of the IEEE-34 node distribution network with two distributed
generations. Assuming that a fault point is on the nearest downstream section of FIE-10, another fault
point is on the nearest downstream section of FIE-16. Then, there will be a fault current flowing from
the substation to fault location 1 and another fault current flowing from the substation to fault location 2.
Then, the fault-indicating equipment between the substation and fault points will be forward-triggered,
including FIE-1, 2, 3,4, 6,7, 8,9, 10, 13, 14, 15, 16, and the status of forward-triggered FIE is defined
as “1”.

fault location 1 3. @ 2 Q27

4286

15 16" 17 18
fault location 2

Figure 9. Multiple faults in the IEEE-34 node distribution network with distribution generations (DGs).

However, there are two DGs in this distribution network—they will also provide a fault current to
the fault points, which will cause the FIEs between DGs and the fault points to be reverse-triggered,
namely FIE-11, 12, 17, 18, 19, 20, 23, 24, and the status of reverse-triggered FIEs is defined as “—1".
Then, the line list in this case is shown in Table 6.

Table 6. The line list of Figure 9.

Equipment Status Upstream  Downstream Equipment Status Upstream Downstream
Number Equipment  Equipment Number Equipment Equipment
1 1 — 2 18 -1 17 19
2 1 1 3 19 -1 18 20
3 1 2 4 20 -1 19 21 and 23

4 1 3 5and 6 21 0 20 22
5 0 4 — 22 0 32 —
6 1 4 7 23 -1 20 24 and 25
7 1 6 8 24 -1 23 —
8 1 7 9 25 0 23 26 and 30
9 1 8 10 and 13 26 0 25 27
10 1 9 11 27 0 26 28
11 -1 10 12 28 0 27 29
12 -1 11 — 29 0 28 —
13 1 9 14 30 0 25 31
14 1 13 15 31 0 30 32 and 33
15 1 14 16 32 0 31 —
16 1 15 17 33 0 31 34
17 -1 16 18 34 0 33 —

The iterative process in MATLAB is shown in Figure 10, and the operation steps of the topology
search algorithm and the fault location result are shown in Table 7. The final result array R[1] = 10
correctly indicates that fault location 1 is on the nearest downstream section of FIE-10, and another
final result array R[2] = 16 correctly indicates that fault location 2 is on the nearest downstream
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section of FIE-16, which is consistent with the fault points we set in Figure 9. This proves that the
proposed fault location method can also correctly locate multiple fault points when there are DGs in
distribution networks.

18| | .+ Variable k —=—Variable m Variable j Variable 11 ——Variable i

R[2] =16

R[1]=10

Equipment number
®©

O/__

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Iteration times

Figure 10. Iterative process of test case 3.

Table 7. The operation steps of test case 3.

Step Kk mj n i RI Al Step k mj n i RI] All

M 1 1100 @ 9 1100

@ 1 1100 G 9 1122 A[1] = 10; A[2] = 13
G 1 1100 6 10 1222 All] = 10; A[2] = 13
@ 2 1100 @ 10 1222 Al1] = 10; A[2] = 13
G 2 1100 @ 10 2222 R[] =10 Al1] = 10; A[2] = 13
@ 3 1100 6 13 2322 R[1] = 10 Al1] = 10; A[2] = 13
G 3 1100 @G 13 2322 R[1] = 10 Al1] = 10; A[2] = 13
@ 4 1100 4 14 2322 R[] =10 Al1] = 10; A[2] = 13
G 4 1100 @ 14 2322 R[1] = 10 All] = 10; A[2] = 13
G) 6 1100 @ 15 23 2 2 R[] =10 Al1] = 10; A[2] = 13
B 6 1100 @ 15 2322 R[1] = 10 Al1] = 10; A[2] = 13
@ 7 1100 @ 16 2322 R[1] = 10 Al1] = 10; A[2] = 13
G 7 1100 G 16 2322 R[] =10 Al1] = 10; A[2] = 13
@ 8 1100 @ 16 3 3 2 2 R[]=10:R2]=16  A[l]=10;A[2] =13
@ 8 1100 © 16 3 3 2 2 RA]=10GR2]=16  A[l]=10; A[2] = 13
@ 9 1100 7 16 3 3 2 2 R[O]=1GR2I=16  A[l]=10;A[2] = 13

4.4. Test Case 4: Information Loss Condition

In order to test the performance of the proposed method for information loss conditions, as shown
in Figure 11, this case adds information loss on the basis of Figure 9. Assuming that the information of
FIE-3 and FIE-7 is lost, then the status of them will be “0” in the updated line list. The line list in this
case is shown in Table 8.

information is lost

15 16" 17 18
fault location 2

Figure 11. Information loss in the IEEE-34 node distribution network.
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Table 8. The line list of Figure 11.

Equipment Status Upstream Downstream Equipment Status Upstream Downstream
Number Equipment  Equipment Number Equipment Equipment
1 1 — 2 18 -1 17 19
2 1 1 3 19 -1 18 20
3 0 2 4 20 -1 19 21 and 23

4 1 3 5and 6 21 0 20 22
5 0 4 — 22 0 32 —
6 1 4 7 23 -1 20 24 and 25
7 0 6 8 24 -1 23 —
8 1 7 9 25 0 23 26 and 30
9 1 8 10and 13 26 0 25 27
10 1 9 11 27 0 26 28
11 -1 10 12 28 0 27 29
12 -1 11 — 29 0 28 —
13 1 9 14 30 0 25 31
14 1 13 15 31 0 30 32 and 33
15 1 14 16 32 0 31 —
16 1 15 17 33 0 31 34
17 -1 16 18 34 0 33 —

By applying the information loss detection algorithm proposed in Section 3.2, the iterative process
in MATLAB is shown in Figure 12, while the operation steps of the information loss detection algorithm
and the results are shown in Table 9. The result arrays L[1] = 3 and L[1] = 7 correctly indicate that the
information of FIE-3 and FIE-7 is lost. After that, the information loss detection algorithm will correct
the status of FIE-3 and FIE-7 to “1” in the line list and send the updated line list to the topology search
algorithm. The operation steps of the topology search algorithm are shown in Section 4.3.

9
+—Variable k Variable m Variable j Variable n
8 »
A e A~ — —
L[2]=7
= 6 P +
o
Ee]
Es ——
=
§ 4 » v
E. Ll1]=3
23 [~ o > T T T
=
2 —
1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Iteration times

Figure 12. Iterative process of test case 4.

Table 9. The operation steps of test case 4.

Step k m j =n Ll B[l Step k m j n L] Bll
W 1 1 0 0 @ 5 2 0 1 I[1]=3 B[1] =4
@ 1 1 0 0 G 5 2 0 1 I[1]=3 B[1] =4
@ 2 1 0 0 @ 5 2 0 0 I[1]=3 B[1] = 4
@ 2 1 0 0 © 6 2 0 0 I[1]=3 B[1] = 4
@ 3 1 0 0 @ 6 2 0 0 L[1]=3 B[1] =4
@ 3 1 0 0 G 7 2 0 0 L[1]=3 B[1] = 4
G 3 1 0 0 @ 7 2 0 0 L[1]=3 B[1] = 4
@ 3 1 0 1 Blll=4 (@ 7 2 0 0 L[1]=3 B[1] = 4
G) 4 2 0 1 L[1]=3 Bll=4 & 7 2 0 1 L[1]=3 B[1] = 4
@ 4 2 0 1 IL[1]=3 Bj=4 () 8 3 0 1 LA]=3LR2]=7  Bll]=4
G 5 2 0 1 L[1]=3 B[]=4
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5. Discussion

5.1. Comparison with Other Fault Location Methods

As more and more feeder terminal devices are applied in power distribution networks,
scholars from different countries have proposed some fault location methods based on the fault
information collected by FTUs. In addition, complex fault conditions in power distribution networks
have put forward higher requirements for the research of fault location. Whether the faulted section
can be effectively located in various complex situations has become an important criterion for testing a
fault location method.

As shown in Table 10, the fault location method proposed in this paper is compared with other
methods in various complex conditions, and all of the methods taken into comparison use fault
information collected by FTUs. It is necessary to be mentioned in advance that if the judgment
conditions of the methods do not need to be changed artificially when the topology of distribution
network changes, the method can be considered that it is suitable for different topologies automatically.
Then, we set a “4/” for this method in Table 10. If the faulted section can be effectively located when
part of the information is lost, we set a “+/” for this method. If the method can detect and report the
equipment with information loss, we set a “v/” for this method. The comparison result indicates that
the proposed method has the following advantages at the same time:

1.  The proposed fault location method is not only applicable for single fault, but also for multiple
faults at the same time.

2. The simulation results show that the proposed method can also effectively locate the fault point
when there are distributed generations in the distribution network.

3. The line list proposed in the method can be updated automatically when the topology of
distribution network changes, so it is suitable for the distribution networks with the topology
structure changes frequently.

4. The information loss detection algorithm can report the fault-indicating equipment with
information loss and correct the wrong status of equipment in the line list, which greatly
improves the accuracy of the fault location results. Moreover, with the help of this feature,
if a piece of equipment often loses information, this indicates that the equipment may need to
be repaired.

Table 10. Comparison with other fault location methods.

Conditions Single Multiple DG in Topology Information Report Equipment with
Methods Fault Faults Network Changes Loss Information Loss

v v v

Proposed method
Method of [17]
Method of [18]
Method of [19]
Method of [20]
Method of [21]
Method of [22]

L=<
L2 <<
L2 <<
< <

\/
\/

In summary, the fault location method proposed in this paper is applicable for solving complex
fault conditions in power distribution networks.

5.2. Influence of the Fault Position and Line Structure

In order to test the influence of the fault position and topology of power distribution line on the
rate of the proposed method, expand the node scale to 100 after FIE-33 in the IEEE-33 node distribution
network, and expand the node scale to 100 after FIE-34 in the IEEE-34 node distribution network. Then,
set a single fault on the nearest downstream section of each FIE, each case is simulated 10 times and
take the average time of the simulations—the results are shown in Figure 13.
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0.9 T T T T T T T T T
0.8 —————— [EEE-33 node distribution network 7]
0.7 ~——————— |EEE-34 node distribution network —

Time (s)

The nearest upstream FIE of faulted section

Figure 13. Simulation results of expanded distribution network.

As shown in Figure 13, the running time will increase as the FIE is far away from the substation,
because the topology search algorithm starts detection from the substation side each time. Take the
running time of about 0.1 s as an example—it corresponds to FIE-16 and FIE-24 in the IEEE-33 node
distribution network, and there are eight FIEs on both upstream lines. Take the running time of about
0.2 s as an example, it corresponds to FIE-33 in the IEEE-33 node distribution network, there are 17 FIEs
on the upstream line. Likewise, the time of about 0.1 s corresponds to FIE-11 and FIE-14 in the IEEE-34
node distribution network, and there are nine FIEs on both upstream lines. The time of about 0.2 s
corresponds to FIE-26 and FIE-30 in the IEEE-34 node distribution network, and there are 18 FIEs on
both upstream lines. Therefore, the results prove that the proposed method can be affected by the
quantity of upstream FIEs.

In addition, there are eight FIEs on the upstream line of FIE-16 and FIE-24 in the IEEE-33 node
distribution network, and the running time is about 0.1 s. There are also eight FIEs on the upstream
line of FIE-10 and FIE-13 in the IEEE-34 node distribution network, but the running time is less than
0.1 s. This is because of the difference in line structure—if there are more branches, the running time
will also increase slightly.

Therefore, we can draw the following conclusion that no matter how many nodes there are in
the distribution line, the running time is only affected by the quantity of upstream FIEs and branches.
In future work, we will continue to improve the fault location method, such as defining multiple start
detection points in the main line to divide the distribution line into multiple sections, which will reduce
the running time by multiple times.

6. Conclusions

A novel faulted section location method for a distribution network based on status information
of fault-indicating equipment is proposed in this paper. Considering that a lot of feeder terminal
units (FTUs) and fault indicators (FIs) are applied in power distribution networks, it provides great
convenience for collecting the fault information. However, the method for analyzing electrical quantity
is more complex because it is easily affected by fault types and system parameters. Therefore,
the method in this paper uses status information of FTUs and Fls, which can reduce the difficulty of
applying this method in distribution networks. Furthermore, considering topology structure changes
frequently in distribution networks, a method for automatically constructing the line list is proposed,
which can dynamically represent the topology structure of power distribution line.
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In this paper, based on the iterative search method, a topology search algorithm and an information
loss detection algorithm are proposed. Considering that information loss may lead to a local optimum,
the information loss detection algorithm can eliminate the possibility of a local optimum for the
topology search algorithm in advance, which improves the accuracy of the fault location method.
Different fault conditions are simulated in MATLAB, and the results prove that the proposed method
is applicable for solving complex fault cases in distribution networks.

Moreover, we also study the factors that affect the rate of the proposed method, and we find an
advantage that the running time only depends on the quantity of the FIEs and branches between the
substation and fault points. When the node scale is expanded, the running time does not necessarily
increase. Therefore, the fault location method proposed in this paper can achieve a fast and accurate
fault location in power distribution networks.
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