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ABSTRACT

The distribution network exhibits complex structural characteristics, which makes fault localization a challenging
task. Especially when a branch of the multi-branch distribution network fails, the traditional multi-branch fault
location algorithm makes it difficult to meet the demands of high-precision fault localization in the multi-branch
distribution network system. In this paper, the multi-branch mainline is decomposed into single branch lines,
transforming the complex multi-branch fault location problem into a double-ended fault location problem. Based
on the different transmission characteristics of the fault-traveling wave in fault lines and non-fault lines, the
endpoint reference time difference matrix S and the fault time difference matrix G were established. The time
variation rule of the fault-traveling wave arriving at each endpoint before and after a fault was comprehensively
utilized. To realize the fault segment location, the least square method was introduced. It was used to find the
first-order fitting relation that satisfies the matching relationship between the corresponding row vector and the
first-order function in the two matrices, to realize the fault segment location. Then, the time difference matrix is
used to determine the traveling wave velocity, which, combined with the double-ended traveling wave location,
enables accurate fault location.

KEYWORDS
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1 Introduction

With the gradual increase in urbanization and city scale, the demand for electricity in modern
society is also rising. As more loads are connected to the distribution network, distribution lines with
multiple branches serve the purpose of providing multiple power supplies to cater to the increasing
number of loads [1]. To enhance the stability, security, and efficiency of the power supply service in the
grid, it is crucial to promptly and accurately locate the fault point when there is a failure in the multi-
branch control line. The fault-traveling wave positioning time window is short, which means it has a
fast response speed. It is not affected by factors such as neutral grounding mode, system parameters,
and line asymmetry. As a result, it is highly favored by scholars both domestically and internationally
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[2]. The fault-traveling wave location can be divided into single-ended and double-ended locations. The
single-ended location is determined by the time it takes for the traveling wave to travel back and forth
once, multiplied by its velocity [3]. Marking the traveling wave head becomes challenging due to the
influence of refraction and reflection caused by wave impedance discontinuity [4]. The reliability of
single-ended traveling wave positioning theory is greatly reduced in distribution networks with multiple
multi-branch lines, making it unsuitable for engineering applications [5]. The double-ended traveling
wave location is achieved by measuring the time difference it takes for the original traveling wave to
reach both ends of the line [6]. This method is based on a simple principle: knowing the arrival time of
the original traveling wave head. It does not involve considering the refraction and reflection of wave
impedance discontinuity points [7]. The fault location results are reliable and suitable for multi-branch
distribution networks with wave impedance discontinuity [8].

1.1 Related Research Works
The distribution network has a complex topology, with each mainline containing numerous

branches. Typically, traveling wave detection devices are installed at the end of the line rather than at the
end of each branch. As a result, directly applying the double-ended traveling wave positioning method
to multi-branch distribution networks is challenging [9]. The main methods for locating faults in multi-
branch systems are the injection method and the traveling wave method. In recent years, scholars
have extensively studied the application of traveling waves in multi-branch distribution networks. In
reference [10], the largest of the two-end ranges is chosen for direct ranging. However, this means
that when there are changes in line length or distribution network topology, it becomes impossible
to detect fault branches. As a result, multi-branch fault line ranging fails. A fault location theory for
multi-branch transmission lines based on a double-ended traveling wave was proposed, considering
the influence of line parameters on distance measurement. This theory builds upon reference [11],
which explores the relationship between the length of multi-branch lines and the location of fault
points as described in reference [10]. The fault location is solved by combining the fault branch
determination and the fault location algorithm. However, this method only considers the preset
traveling wave velocity and does not take into account how inaccuracies in wave velocity can affect
ranging accuracy. When the line parameters change, errors may occur between the calculated traveling
wave velocity based on these parameters and the actual wave velocity. This method can be used to
determine faults in multi-branch lines, but it does not guarantee accuracy for fault branches. The
literature mentioned above mostly focuses on T-branch lines when discussing traveling wave fault
location methods for multi-branch lines. However, these methods do not apply to lines with more
than three branches. Despite this limitation, they still hold practical value in real-world applications. In
reference [12], the Teager energy operator was proposed to extract the Intrinsic Mode Function (IMF)
and calibrate the original traveling wave head of multi-branch lines. A matrix is formed at the arrival
time of the original traveling wave to identify the fault branch. This method can be applied to circuits
with multiple branches. Reference [13] simplified multi-branch fault lines into single-branch fault lines
based on the findings of reference [12]. However, every element in the n-order fault matrix established
by reference [13] needs to be corrected, which makes its calculation process more complicated. In
reference [14], The current unbalance is defined based on the node where the fault branch is located.
The fault location algorithm, as described in reference [14], converts into a unary quadratic solution.
Additionally, reference [15] took into account the influence of distributed capacitor current and latent
power supply current. However, this method relies on the action of relay protection devices. If a relay
protection device has a blind spot in its action, it can lead to misjudgment and impact the accuracy of
locating multi-branch faults.
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Reference [16] proposed a model that is based on RFI state constraints. This model eliminates
the restriction that all sources must have multiple faults on different paths, and it also improves the
robustness of piece-based positioning. In reference [17], the machine learning method was used to
analyze the depth features of steady and transient signals. Unlike traditional methods that require
signal generators, this approach relies on shallow machine learning as a feature research model.
However, these models cannot effectively extract fault features, resulting in some loss of important
information. The method described in reference [18] is not effective for practical applications due to the
small harmonic component, which cannot accurately describe the transient electrical characteristics
of the system. In contrast, reference [19] improved positioning efficiency and accuracy by combining
the genetic algorithm and particle swarm optimization algorithm using the minimum collision set
criterion. References [16–19] all relied on self-modeling for section positioning or improving position-
ing accuracy. However, these methods face challenges such as difficulty in collecting fault samples,
significant discrepancies between simulation and real-world scenarios, and limited practicality.

1.2 Research Contribution
Based on the analysis above, this paper proposes a new method for locating multi-branch faults

by fitting the time difference matrix. The complex problem of locating faults in multi-branch lines
is simplified by transforming it into a double-ended fault location problem. Additionally, the multi-
branch lines are decomposed into mainlines that only consist of simple branches, such as T-branches or
three-branches. The fault original traveling wave head in the fault line and non-fault line have different
characteristics. To analyze this, we establish the decomposed baseline time difference matrix S and the
fault time difference matrix G of the mainline endpoints. We then deeply analyze the time difference
variation before and after a fault occurs on both lines. Additionally, we identify any changes in the
elements of these matrices before and after a fault occurs. To minimize the impact of wave velocity
on line parameters, we determine the wave velocity based on the arrival time of the original fault-
traveling wave along the shortest path. This allows us to modify the parameters in matrices S and G.
The least square method is used to fit the data of the row vector elements in matrices S and G. This
helps determine the best first function match between the two-row vectors, which then determines
the fault branch segment. This method is suitable for multi-branch circuits, improving the algorithm’s
practicality. The proposed method has been verified for accuracy and reliability through theoretical
analysis and simulation.

2 Time Difference Matrix Construction
2.1 Multi-Component Control Grid Line Decomposition

Fig. 1 depicts the network structure topology of a 10 kV distribution network. The length unit for
each branch line is a meter, although this detail is not shown in the figure.

In the multi-branch distribution network, there are three main types of line faults. These include
mainline faults f2 and f5 (as shown in Fig. 1), single branch faults f1 and f4 (as shown in Fig. 1), and
multi-branch faults f3 and f6 (also shown in Fig. 1). The distribution network consists of various branch
lines, including T-branch lines and three-branch lines or more [20]. Consequently, accurately locating
faults becomes challenging. Based on the difficulty of locating fault branches of multi-branch lines,
this paper proposes to decompose multi-branch lines first, to decompose complex lines into only T-
branch and three-branch lines, and then build a time difference matrix method on the decomposed
lines to locate the fault segments.
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Figure 1: Network structure topology of 10 kV distribution network

In summary, multi-branch lines in Fig. 1 are decomposed, as shown in Figs. 2 and 3 below.
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Figure 2: The mainline 1 is broken down into single branch lines

After decomposing the multi-branch line into a simple line (T-branch or three-branch line),
the problem of locating faults in complex multi-branch lines is transformed into locating faults in
double-ended networks [21]. The main challenge lies in determining the fault segment and accurately
pinpointing the fault location using the principle of double-ended traveling wave location.
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Figure 3: The mainline 2 is broken down into single branch lines

2.2 Base Time Difference Matrix of Endpoints Is Established
As shown in Fig. 2, when the simulated fault point is set at the head of the mainline 1-1, we use

a traveling wave acquisition device to determine the arrival time of the original traveling wave head.
The predetermined time for the original traveling wave head to reach the head of the mainline 1-1 as
t′

1−1−1. The time for the original traveling wave head to reach the end of the mainline 1-1 fault as t′
1−1−n,

the time for the original fault-traveling wave head to reach the end of other branches as t′′
1−1−2, t′′

1−1−3,
t′′

1−1−4, . . . , t′′
1−1−n−1, then calculate the difference between the original arrival time of the fault-traveling

wave at the end and the arrival time of the other endpoints. When the simulated fault point is set at the
end of the mainline 1-1, set the time of the traveling wave head to arrive at the head of the mainline
1-1 as t′′

1−1−1, the time for the original traveling wave head to reach the end of the fault of mainline
1-1 as t′′

1−1−n, the time for the original fault-traveling wave head to reach the end of other branches
as t′′

1−1−2, t′′
1−1−3, t′′

1−1−4, . . . , t′′
1−1−n−1. Calculating the difference between the original arrival time of the

fault-traveling wave at the head and the arrival time at other endpoints. Similarly, set the simulated
fault point at both ends of mainline 1-2 and use the same method to determine the arrival time of the
original traveling wave on mainline 1-2. The difference in arrival time between the original traveling
wave head at the beginning and end of mainline 1-2, as well as other endpoints, is calculated. The
resulting baseline time difference matrix for the endpoints is shown below:

s1 =

⎡
⎢⎢⎣

t′
1−1−n − t′

1−1−1 t′
1−1−n − t′

1−1−2 . . . t′
1−1−n − t′

1−1−n−1 0
0 t′′

1−1−1 − t′′
1−1−2 . . . t′′

1−1−1 − t′′
1−1−n−1 t′′

1−1−1 − t′′
1−1−n

t′
1−2−n − t′

1−2−1 t′
1−2−n − t′

1−2−2 . . . t′
1−2−n − t′

1−2−n−1 0
0 t′′

1−2−1 − t′′
1−2−2 . . . t′′

1−2−1 − t′′
1−2−n−1 t′′

1−2−1 − t′′
1−2−n

⎤
⎥⎥⎦ (1)

Similarly, we can establish the baseline time difference matrix S2 for the endpoints of mainlines
2-1 and 2-2 using the following method:

s2 =

⎡
⎢⎢⎣

t′
2−1−n − t′

2−1−1 t′
2−1−n − t′

2−1−2 . . . t′
2−1−n − t′

2−1−n−1 0
0 t′′

2−1−1 − t′′
2−1−2 . . . t′′

2−1−1 − t′′
2−1−n−1 t′′

2−1−1 − t′′
2−1−n

t′
2−2−n − t′

2−2−1 t′
2−2−n − t′

2−2−2 . . . t′
2−2−n − t′

2−2−n−1 0
0 t′′

2−2−1 − t′′
2−2−2 . . . t′′

2−2−1 − t′′
2−2−n−1 t′′

2−2−1 − t′′
2−2−n

⎤
⎥⎥⎦ (2)
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2.3 The Establish of the Fault-Traveling Wave Time Difference Matrix
When a genuine fault occurs, we can construct the fault-traveling wave time difference matrix G1.

This is done by using traveling wave acquisition devices to record the time when the original fault-
traveling wave reaches each endpoint. Suppose the time for the original fault-traveling wave head to
reach the head of the mainline 1-1 is tf1−1−1, the time for the original fault-traveling wave to reach the
end of the mainline 1-1 is tfn−1−1, the time it takes for the fault-traveling wave to arrive at the end of
other branches are tf2−1−1, tf3−1−1, tf4−1−1, . . . , tfn−1−1−1. Calculating the time difference between the arrival
of the original fault-traveling wave at the head of the mainline 1-1 and its arrival at other endpoints.
Similarly, set simulated fault points at both the head and end of mainline 1-2, and use the same method
to determine the arrival time of the original fault-traveling wave for mainline 1-2. The reach time
difference of the original traveling wave head between the head and end of the mainline 1-2 and other
endpoints are calculated, respectively, and the fault-traveling wave time difference matrix G1 is acquired
as follows:

G1 =

⎡
⎢⎢⎣

tfn−1−1 − tf1−1−1 tfn−1−1 − tf2−1−1 . . . tfn−1−1 − tfn−1−1−1 0
0 tf1−1−1 − tf2−1−1 . . . tfn−1−1 − tfn−1−1−1 tf1−1−1 − tfn−1−1

tfn−1−2 − tf1−1−2 tfn−1−2 − tf2−1−2 . . . tfn−1−2 − tfn−1−1−2 0
0 tf1−1−2 − tf2−1−2 . . . tfn−1−2 − tfn−1−1−2 tf1−1−2 − tfn−1−2

⎤
⎥⎥⎦ (3)

Similarly, the failure time difference matrix G2 of the mainline 2-1 and 2-2 can be established as
follows:

G2 =

⎡
⎢⎢⎣

tfn−2−1 − tf1−2−1 tfn−2−1 − tf2−2−1 . . . tfn−2−1 − tfn−1−2−1 0
0 tf1−2−1 − tf2−2−1 . . . tfn−2−1 − tfn−1−2−1 tf1−2−1 − tfn−2−1

tfn−2−2 − tf1−2−2 tfn−2−2 − tf2−2−2 . . . tfn−2−2 − tfn−1−2−2 0
0 tf1−2−2 − tf2−2−2 . . . tfn−2−2 − tfn−1−2−2 tf1−2−2 − tfn−1−2

⎤
⎥⎥⎦ (4)

2.4 Time Difference Matrix Positioning Principle
The transmission characteristics of fault-traveling waves are different between the fault and non-

fault lines: As shown in Fig. 1, when the f1 point fails, the original fault-traveling wave will spread
throughout the entire distribution network at the speed of light [22]. The location and transmission
path of the fault point varies, causing regular changes in the time difference of the traveling wave within
the system [23]. The original traveling wave on the non-fault lines originates from the fault line [24].
The transmission path on the non-fault line is not influenced by the location of the fault point [25].
As a result, the time difference of the original traveling wave on the non-fault line remains unchanged
compared to before the fault occurred. Therefore, when disregarding detection errors, the elements
of row vectors (S1, S2, S3, . . . , Sn) and (G1, G2, G3, . . . , Gn) in the reference time difference matrix S are
identical to those in the fault time difference matrix G for the non-fault line endpoint. Because the
location of the simulated fault point is different from that of the real fault point, the elements of the
corresponding row vector of the two matrices are different. When a real fault occurs in the bus bar,
the bus bar becomes the traveling wave source for both fault and non-fault lines. Therefore, all elements
in matrix S and matrix G for all lines are equal. According to the arrival time of the original traveling
wave head, the change rule of elements in matrix S and G can be expressed as Eq. (5).{

Si �= Gi Line i is a faulty line
Sj = Gj Line j is a non-fault line (5)

In Eq. (5), i, j = 1, 2, 3, . . . , n.

If the elements in the matrix S and G of all lines are the same, it can be judged the bus is faulty.
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In a multi-branch distribution network, the mainlines containing multiple branches are decom-
posed into multiple lines containing only simple branches. A simulated fault point is set at the head
and tail of each mainline after decomposition, and the endpoint reference time difference matrix Si

and Gi, and the fault time difference matrix of each mainline, are established. The least square method
is introduced to find the first-order matching relationship about the corresponding row Sk

i and Gk
i of

the Si and Gi matrix: Gk
i = a + bSk

i , k = 1, 2, 3, . . . , n. The unequal elements of the corresponding row
vectors form the sets A and B. Thus, we can form the complement of the union sets A and B, and the
nodes in the complement are used for the multi-branch fault branch location.

3 Research on Fault Location Algorithm of Multi-Branch in the Distribution Network
3.1 Fault Branch Location Algorithm of Multi-Branch Lines
3.1.1 Mainline Fault

According to the above principles, when the fault f2 occurs in Fig. 2a, from the node b to the left
of the point of failure, the elements of the corresponding row vector S1

k and G1
k elements are the same,

then take the equal elements of corresponding row vectors S1
k and G1

k to form the set A = {a, b}, from
the node c to the right of the point of failure, the elements of the corresponding row vector S1

k and
G1

k are the same, then take the equal elements of corresponding row vectors S1
k and G1

k in the two
matrices to form the set B = {c, d, e}, acquire the complement of the union sets A and B according to
Eq. (6) below:

H1 = �U (A U B) (6)

In Eq. (6): �U as a symbol of the complementary set.

By using Eq. (6), we can determine that if the complement of the union sets A and B is empty,
then the fault point lies on the mainline. The relevance degree of elements in sets A and B is measured
by distance—the closer the distance, the lower the relevance degree. The fault section is identified by
selecting two nodes with the least correlation degree from sets A and B.

3.1.2 Single Branch Fault

A single branch line refers to a branch line that does not have any other branches connected to it.
For example, when the fault f1 occurs in Fig. 2a, the original fault-traveling wave spreads from node A
to both ends of the mainline. Based on this principle, the corresponding elements of row vectors Sk

1 and
Gk

1 for all nodes from A to the left and right are equal. Therefore, there are A = {∅} and B = {b, c, d, e},
and the complement H = {a} of the union of A and B is taken according to Eq. (6). In summary, the
fault section is a-D1.

3.1.3 Multiple Branch Fault

When the fault f6 occurs in Fig. 3b, because it occurs on the multi-branch line, there are A =
{h, i, m} and B = {q} after the analysis of the above principle, and thus there is the complement H =
{n, o, p} of the union of A and B. We can determine that the original fault-traveling wave diffuses from
node n to both ends of the mainline. In this case, n-D11 is taken as the new mainline, and at the head
n and the tail of D11, re-establish the endpoint reference time difference matrix S and the fault time
difference matrix G, The set A = {n, o}, B = {φ}, H = {p} can be acquired, so the fault segment is
p-D12. In summary, if there are multiple nodes in set H, we need to reset the matrices S and G. We
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should then repeatedly assess the fault node until only one remains in set H. This process helps us
determine the fault segment.

3.2 Fault Point Determination
The original traveling wave head is transmitted along the shortest path, carrying information

about the time it takes for the traveling wave from the fault point to reach the detection device [26].
This locating method solely relies on time to identify faults. The difficulty in locating the fault lies in
accurately judging the branch of the fault. To obtain the correct algorithm for fault location, this paper
decomposes the mainline with multiple branches into several mainlines with only single branches, as
shown in Figs. 2 and 3 above.

When a fault point as shown in Fig. 2a occurs, take the f3 fault point as an example, select the
two endpoints D4 and D5 that are closest to the endpoint D3. The time of the original fault-traveling
wave arrives at the endpoints D3, D4 and D5 is tD3

, tD4
and tD5

, respectively. The theory of double-ended
traveling wave positioning is used for precise fault point location, as shown in Eqs. (7)–(9):

x′ =
(
tD4

− tD3

)
V − Le−f −D4

+ Le−D3

2
(7)

x′′ =
(
tD5

− tD3

)
V − Le−f −D5

+ Le−D3

2
(8)

x = x′ + x′′

2
(9)

In Eq. (7): x′ is by using the endpoint D3 and the D4 fault point is from node e; V is the traveling
wave velocity; Le−f −D4

indicates the shortest distance from node e to f to endpoint D4; Le−D3
is the

distance between node e and endpoint D3. In Eq. (8): x′′ is by using endpoint D3 and D5 fault point is
from the partial node e; Le−f −D5

is the shortest distance from node e to f to the endpoint D5. In Eq. (9):
x is the average distance from the fault point to the node e.

The velocity of the traveling wave is not solely determined by the speed of light, as it is influenced
by line parameters. In this paper, we combine two data points from the fault time difference matrix G
that have the minimum time difference for each line. We use these data points to calculate the wave
velocity based on the principle of original fault-traveling wave diffuseness along the shortest path.
Finally, we average out the sum of wave velocities acquired from each line, as shown in Eqs. (10)
and (11):

Vi = (L1 min − L2 min)/(�t1 − �t2) , i = 1, 2, 3, . . . , n (10)

V =

n∑
i=1

Vi

n
(11)

In the above formula, Vi is the wave velocity calculated by each row, �t1 and �t2 are the two data
with the smallest time difference corresponding to each row of the matrix G, the L1 min and L2 min are
the shortest transmission distance of fault-traveling wave corresponding to �t1′ and �t2, respectively,
and V is the traveling wave velocity.

3.3 Segment-Location Algorithm Based on Least Square Data Fitting
Based on the principles mentioned above, the matrix S and G of a non-fault line should be identical

under ideal circumstances. However, in practical situations, various measurement errors occur. For
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instance, factors like interference, lightning strikes, and high-frequency signals can affect the traveling
wave acquisition device. As a result, incorrect original traveling wave heads are identified during fault
identification. The arrival time of the calibration original traveling wave head shows varying degrees
of error. To mitigate this, we introduce the least square method for a one-time fitting to reduce the
impact of errors.

The least square method is a mathematical technique used for fitting data. Specifically, the linear
least square method determines if the data follows a linear pattern and finds the best function that
fits the data by minimizing the sum of squared errors [26]. This method allows for easy estimation of
unknown data points and minimizes discrepancies between acquired and actual data.

The linear least square method is used to find a linear relationship between x and its corresponding
y. The equation for this method is:

y = a + bx (12)

The undetermined constants a and b in the equation are transformed into linear regression
coefficients, which represent the intercept and slope of the line. The goal of the fitting is to determine
these regression coefficients based on measured data, to minimize deviation and to make data points
as close as possible to the straight line. Deviations can be positive or negative, and their calculation
follows this formula:

s =
n∑

i=1

v2
i =

n∑
i=1

(yi − a − bxi)
2 (13)

When S is the smallest in the above equation, the corresponding a represents the fitted curve
coefficient. Both a and b must satisfy the following conditions:⎧⎪⎪⎨
⎪⎪⎩

a = −
y − b

−
x → 0

b =
n∑

i=1

(
xi−

−
x
)(

yi−
−
y
)

n∑
i=1

(
xi−

−
x

)2 → 1
(14)

In Eq. (14): b is a slope deviation; a is a displacement deviation degree;
−
x is the arithmetic mean

value of the data in variable X, and
−
y is the arithmetic mean value of the data in variable Y.

The first-order fitting relation obtained through the least square method must satisfy the matching
relation between the corresponding row vectors and the subfunction (Gk

i = a + bSk
i ) of the line. If

Eq. (14) is satisfied after a one-time fitting, it indicates that the elements in row vectors Sk
i and Gk

i of
the matrix Si and Gi have undergone a successful linear fitting process. In this case, the node can be
considered non-faulty. If it is not functioning properly, it can be considered a faulty node. To minimize
the error, we can use least squares to fit each row in the matrix Si and Gi, allow for a more precise
determination of the faulty node.

Fig. 4 illustrates the process of locating a fault on a multi-branch route when it occurs.

4 Simulation Verification
4.1 Verification of Fault-Traveling Wave Location Algorithm

The multi-branch distribution network, depicted in Fig. 1, was constructed using PSCAD. The
fault was programmed to occur at f6.
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The S2 matrix of mainline 2 is (the unit of matrix elements is μs) as follows:

S2 =

⎡
⎢⎢⎢⎢⎣

h i m n o p q
9.84 5.61 5.70 −0.98 −1.49 −0.71 0

0 0.081 1.85 1.66 1.19 2.35 6.28
15.56 13.51 10.27 8.93 4.81 −0.78 0

0 −0.04 −0.26 −1.61 5.69 6.58 9.24

⎤
⎥⎥⎥⎥⎦ (15)

Look for the first function matching relationship                  between the constructed matrix S and the matrix G

The faulty nodes form sets A and B

NO

YES

Not a failed node

START

Find the complement of the union of sets A and B (with only one node)

The main line with multiple branches is divided into multiple main lines with a single branch line

The failure section is in the node and corresponding endpoint area

Whether each node satisfies

Gk k
i i = a + bS

Gk k
i i= a + bS

Figure 4: The process of locating a fault on a multi-branch route

After a fault occurs, the traveling wave detection device constructs the original time of the fault-
traveling wave head using the fault time difference matrix G from mainline 2, as shown in Eq. (16).

G2 =

⎡
⎢⎢⎢⎢⎣

h i m n o p q
−2.61 −1.90 −0.90 −2.19 1.70 6.32 0

0 −1.91 −4.52 −6.68 −10.83 −15.92 −14.09
1.25 3.28 7.18 15.12 20.70 −18.11 0

0 4.29 −12.29 8.69 4.86 9.47 7.84

⎤
⎥⎥⎥⎥⎦ (16)

The row vectors Sk
2 and Gk

2 of the matrix S2 and G2 were fitted using least squares. The fitting
results can be seen in Figs. 5 and 6 below.

As shown in Figs. 5 and 6, when the elements of the corresponding row vectors in the matrix S2

and G2 satisfy the first-order fitting relation, The A = {q} and B = {h, i, m} can be acquired. The
complement set of the union sets A and B can be used to acquire H = {n, o, p}. so the fault section is
n-D11. Since the fault occurs on a multi-branch line, we set a new simulated fault point at the new head
and designated D11 as the new end. Two matrices are established as follows: a new endpoint reference
time difference matrix (matrix S′) and a fault-traveling wave time difference matrix (matrix G′).

S′ =
⎡
⎣ n o p

−1.56 0.58 0
6.28 9.84 0

⎤
⎦ (17)
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G′ =
⎡
⎣n o p

0 8.32 0.36
0 −14.09 −18.10

⎤
⎦ (18)

Figure 5: The linear fitting diagram of S1
2 and G1

2

Figure 6: The linear fitting diagram of S2
2 and G2

2

As shown in Figs. 7 and 8, there are the A = {n} and B = {o}, then we can acquire the complement
H = {p} of the union of A and B, thus the fault section is p-D12.

4.1.1 The Influence of Different Transition Resistors

To analyze the impact of transition resistance on this multi-branch fault location algorithm, we
conducted experiments with different ground fault types and fault points. Specifically, we tested fault
resistances of 50, 500, and 1000 Ω, respectively. Additionally, we set the original phase of the faults to
90° and introduced white noise with a signal-to-noise ratio of 40 dB as a jamming signal. The results
of fault location are shown in Table 1.
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Figure 7: The linear fitting diagram of S′1 and G′1

Figure 8: The linear fitting diagram of S′2 and G′2

Table 1: The results of fault location in the case of different fault resistances

Point of fault Fault type Segment
location result

Transition
resistance (Ω)

Fault location
result (m)

Fault location
error (m)

f1 Ag a-D1

50 176 24
500 176 24
1000 176 24

f2 ABg b-c
50 1373 32
500 1353 52
1000 1345 60

(Continued)
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Table 1 (continued)

Point of fault Fault type Segment
location result

Transition
resistance (Ω)

Fault location
result (m)

Fault location
error (m)

f3 Arc d-D3

50 158 42
500 134 66
1000 122 78

f4 Ag h-D13

50 195 5
500 192 8
1000 192 8

f5 ABg h-i
50 523 89
500 517 95
1000 517 95

f6 Arc p-D12

50 719 81
500 719 81
1000 719 81

It can be acquired from the results in Table 1 that: The multi-branch fault location method can
accurately identify the fault section and locate the fault point even in the presence of white noise
interference. However, as the fault resistance increases, there may be a slight increase in the error range.
Nonetheless, overall, the influence of fault resistance on this method’s accuracy is minimal.

4.1.2 The Influence of Different Fault Original Phase Angle

To analyze the impact of the original fault phase angle on this multi-branch fault location
algorithm, we conducted simulations with different ground fault types and fault points. Specifically, we
tested three scenarios: 30°, 60°, and 90° fault phase angles. In each scenario, we set the fault resistance
to 50 Ω and introduced a white noise interference signal with a signal-to-noise ratio of 40 dB for
accurate simulation. The results of fault location are shown in Table 2.

Table 2: The results of fault location in the case of different original fault phase angles

Point of
failure

Fault type Segment
location result

Original fault
phase angle (°)

Fault location
result (m)

Fault location
error (m)

f1 Ag a-D1

30 277.6 22.4
60 277.6 22.4
90 277.6 22.4

f2 ABg b-c
30 1254.8 25.2
60 1254.8 25.2
90 1257.6 22.4

f3 Arc d-D3

30 236.2 63.8
60 236.2 63.8

(Continued)
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Table 2 (continued)

Point of
failure

Fault type Segment
location result

Original fault
phase angle (°)

Fault location
result (m)

Fault location
error (m)

90 236.2 63.8

f4 Ag h-D13

30 182.8 17.2
60 182.8 17.2
90 182.8 17.2

f5 ABg h-i
30 484 128
60 484 128
90 484 128

f6 Arc p-D12

30 662.9 137.1
60 662.9 137.1
90 662.9 137.1

It can be acquired from the results in Table 2 that: The multi-branch fault location method
can accurately determine the fault section and locate the fault point even in the presence of white
noise interference. Additionally, increasing the fault original phase angle reduces the fault error, while
different fault original phase angles have minimal impact on the accuracy of the fault location results.

4.1.3 The Effect of Different Noises

To analyze the influence of white noise on this fault location algorithm, we added white noise
signals to the sampled signal. The signal-to-noise ratios used were 40, 50, and 60 dB. For simulation
purposes, we set the fault resistance at 50 Ω and the fault original phase angle at 90°. The results of
fault location are shown in Table 3.

Table 3: Positioning results under different white noises

Point of
failure

Fault type Segment
location result

Interference
white noise
(dB)

Fault location
result (m)

Fault location
error (m)

f1 Ag a-D1

40 274.8 25.2
50 274.8 25.2
60 274.8 25.2

f2 ABg b-c
40 1377 28
50 1257.6 22.4
60 1257.6 22.4

f3 Arc d-D3

40 273.1 26.9
50 273.1 26.9
60 273.1 26.9

(Continued)
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Table 3 (continued)

Point of
failure

Fault type Segment
location result

Interference
white noise
(dB)

Fault location
result (m)

Fault location
error (m)

f4 Ag h-D13

40 184 16
50 184 16
60 184 16

f5 ABg h-i
40 750 12
50 750 12
60 750 12

f6 Arc p-D12

40 767.5 32.5
50 767.5 32.5
60 770.3 29.7

It can be acquired from the results in Table 3 that: This fault location method can accurately
identify the faulty branch in the presence of various white noise interference signals, enabling precise
fault point localization. As the signal-to-noise ratio increases, the fault location error gradually
decreases, and white noise has minimal impact on the accuracy of fault location results.

4.2 Comparison of Different Methods
We analyzed the positioning effects of various methods. Based on the fault locations and types

shown in Fig. 1, we used the method proposed in reference [27] to locate the faults. The fault location
results obtained from both reference [27] and our method are displayed in Fig. 9, with the x-axis
representing the fault points and the y-axis indicating the corresponding fault location results.

Figure 9: Positioning errors of different methods

Fig. 9 shows that both the method described in the literature and the method proposed in this
paper can accurately locate faults in multi-branch distribution networks. However, the method from
reference [21] has a maximum fault location error of 182 m and an average error of 86.58 m. In
contrast, our proposed method has a maximum error of 150 m and an average error of 57.08 m.
Therefore, our method significantly improves fault location accuracy for multi-branch distribution
networks compared to existing methods mentioned in the literature.



92 EE, 2024, vol.121, no.1

5 Conclusion

The fault location problem in the multi-branch distribution network can be addressed by decom-
posing the multi-branch mainline into multiple mainlines with single branches. This transforms the
multi-branch fault location problem into a double-ended fault location problem. To determine the
fault segment, we establish an endpoint time difference matrix and a fault time difference matrix
based on the propagation features of the fault-traveling wave in both fault and non-fault lines. By
comparing the change rules of corresponding elements in these matrices, we can identify the faulty
section. Additionally, to improve practicality, we introduce a least square fitting model to reduce errors
caused by marking the original traveling wave head, lightning strikes, or high-frequency noise. This
method enhances engineering applicability and is suitable for addressing faults in multi-division power
grid systems. In summary, this paper proposes a logical and orderly location method that observes
matrix features before and after a fault to handle faults in multi-branch lines. However, it relies on
improvements in traveling wave acquisition equipment performance and clock synchronization device
accuracy.
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