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ABSTRACT In order to solve the problem of inaccurate fault location in the transmission network under
some abnormal conditions, such as traveling wave location device faults, startup failure and time recording
error, a novel traveling wave fault locationmethod based on directed tree model and linear fitting is proposed.
A directed tree model of the fault traveling wave transmission along the shortest path is established based on
graph theory analysis of traveling wave transmission network. Two straight lines are fitted on the coordinate
plane where the accurate fault location is obtained direct by coordinate information of the intersection of
these two fitted straight lines (FSLs), according to the transmission characteristics of the fault traveling wave
in the directed tree model. The wave velocity is used as the slope of the fitted straight line, and the influence
of its uncertainty on the fault location is eliminated. The time record error points of the location device are
automatically eliminated in the linear fitting. PSCAD simulation results prove that fault information of the
entire transmission network is comprehensively utilized by the proposed method and the ring network is
automatically unlooped. The reliability and accuracy of fault location are remarkably improved, particularly
for the fault scenarios with recorded information abnormity.

INDEX TERMS Transmission network, fault location, traveling wave, directed tree model, linear fitting.

I. INTRODUCTION
With the rapid development of smart grids, the capacity of
power systems and the area of power grids are constantly
being expanded, resulting in more complicated power grid
operation management [1], [2]. The fault location is quickly
and accurately determined after a transmission line failure,
which not only reduce the burden of patrolling the line and
repair the line in time to achieve the purpose of ensuring
reliable power supply, but also reduce the overall economic
loss caused by power outages. Therefore, high-precision
power grid fault location is of great significance to the safety,
stability, and economic operation of the power system [3], [4].
At the same time, a method of strong anti-interference
ability and comprehensive use of the entire network fault
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information for fault location is very necessary for fault
location of the transmission network.

The location of fault points of high-voltage transmission
lines is generally realized by the impedance method and
injection method. However, the practical application of
impedance method is not ideal, because its measurement
accuracy is affected by factors such as fault resistance,
transformer errors, asymmetry of the line structure, and
uneven distribution of zero-sequence parameters along the
line [5], [6]. Injection method for fault location is more
targeted than manual line patrol to find fault points. However,
this method requires new equipment, high cost, and the
strength of the injected signal is difficult to grasp [7], [8].
Various fault location methods for transmission networks are
proposed by scholars at home and abroad with the continuous
progress of computer, communication and measurement
technology. Among them, a large number of fault location
methods based on the traveling wave principle are widely
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used in power transmission networks, because they are
applied to transmission lines with a variety of structures,
different transition resistances and different parameters [9].
The traditional single-ended travelingwave location principle
is simple to implement and highly reliable [10], [11].
However, it is very difficult to accurately identify the nature
of the reflected traveling wave due to the interference of the
complex ring network structure of the transmission network.
Compared with the single-ended method, the currently
used two-terminal traveling wave location method is not
affected by various reflected waves and refracted waves,
because it only needs to capture the first fault traveling
wave head that arrives both ends of the transmission
line [12]–[14]. In some existing two-terminal traveling
wave location methods, generally only fault information is
considered on one or both sides of the line [15]–[17]. Fault
information on the entire network is not fully utilized, and
the accuracy and reliability of fault location needs to be
improved. Based on this, the literatures [18], [19] propose
that synchronous measurement devices are set at the head and
end of each transmission line in the transmission network,
so the two-terminal method is extended to a multi-terminal
method, which obtains a relatively good location effect.
A new principle of two-terminal traveling wave location
technology is proposed in [17]–[19], which uses the travel
time difference between the aerial modal and groundmodal to
calculate the fault distance of the transmission line. However,
these methods have higher requirements for the accuracy of
ground-mode wave velocity extraction, and their practical
applications need to be explored. In literature [20], a novel
fault section identification method that depends only on the
first three arrival times is applied to separate a three-terminal
fault section from the multi-terminal lines. Consequently,
the fault is located using a corresponding two-terminal fault
location method in this fault section, but the high accuracy
of the traveling wave arrival time measurement is required in
this method whose application effect is not ideal when there
is a time recording error. In order to eliminate the impact
of time recording errors of a certain location device in the
entire transmission network, the methods of [21]–[23] are
proposed. The complex structure of a multi-terminal power
system is divided into several fault identification branches
with an algorithm proposed in [21], where the current
at the midpoint of each branch is measured to eliminate
time recording errors, but this algorithm needs to calculate
the time difference for faults in various intervals so the
amount of calculation is large. Later the location algorithm
based on neural network and network path is proposed
in [22] and [23], respectively, where the algorithm and fault
information judgment are all improved, but time data fusion
is still not improved. In addition, in the above methods, only
the radiation type transmission network is considered, and
the existence of a ring network is not considered. Some
transmission network location methods based on calculating
the shortest path of traveling wave transmission to realize the
ring network to be automatically unlooped are proposed in

literature [24]–[26]. These methods have been well applied
in practical transmission networks, but in order to improve
the reliability of the data during data processing, weighting is
used to calculate the fault distance, where the weights are set
based only on the distance of each traveling wave detection
device from the fault point. However, distant informationwith
high time accuracy is ignored by this weighting process, and
more human factors are introduced.

To solve these problems, a novel traveling wave fault
location method based on directed tree model and linear
fitting is proposed in this paper. By analyzing the transmis-
sion characteristics of the fault traveling wave, a directional
tree model composed of the shortest path directional tree
is established, which contains two sets of related data for
linear fitting. The intersection of two straight lines fitted
using two sets of data is the fault distance, according to
the characteristic that the traveling wave head arrival time
recorded by the traveling wave location device of each
substation is linearly proportional to the relative distance
between each substation. Simulation results show that the
fault information of the entire transmission network is
comprehensively utilized, the influence of wave velocity
uncertainty and fault traveling wave time recording error
on traveling wave location accuracy is eliminated, and ring
network is automatically unlooped by the proposed method
to realize fast and accurate location.

II. ESTABLISHMENT OF DIRECTED TREE MODEL
A. ANALYSIS OF FAULT TRAVELING WAVE
TRANSMISSION CHARACTERISTICS
A fault traveling wave is transmitted to both ends of the
line starting from the fault location, when a fault occurs
on a certain line of the transmission network. An intricate
traveling wave transmission network is formed in the entire
power grid, because the fault traveling wave is refracted and
reflected at the discontinuous location of the wave impedance
such as the location of the detection point. The fault initial
traveling wave is the first fault traveling wave signal detected
by each traveling wave location device after the fault occurs.
The traveling wave location device installed at the bus bar
and substation is used to record the fault initial traveling
wave, because it travels along the shortest path, with less
refraction and reflection, small energy attenuation, obvious
fault feature quantity, and easy to extract and detect. The fault
feature quantity such as wave head arrival time contained in
the traveling wave signal is extracted to achieve the purpose
of accurate fault location.

Figure 1 depicts a typical topology structure for transmis-
sion network of traveling wave. The propagation direction
and path of the fault initial traveling wave in the transmission
network are shown in Figure 1, where the time marked on
this figure is the timewhen the initial traveling wave arrives at
each substation, and the solid arrow indicates the propagation
path of the fault traveling wave. The arrival time of the fault
initial traveling wave only needs to be accurately recorded to
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FIGURE 1. Topology structure for transmission network of traveling wave.

achieve fault location, according to the method proposed in
this paper.

B. DEFINITION OF SHORTEST PATH DIRECTED TREE
In graph theory, a tree is a finite set of n (n ≥ 0) nodes and b
(b ≥ n) branches, the tree is called an empty tree, when n = 0,
otherwise it is called a non-empty tree. Any non-empty tree
has the following characteristics:

(1) The fault point in the transmission network is called the
root node of the tree.

(2) The other nodes except the root node are divided into
multiple disjoint sets, where each set is a branch and is called
a subtree of the tree.

(3) A tree with a direction is called a directed tree.
The shortest path directed tree is proposed to analyze the

traveling wave transmission network based on graph theory,
according to the research on traveling wave transmission
characteristics in Section II.A. The fault point f is defined
as the root node of the tree, and points M and N are defined
as subtree root nodes, as shown in Figure 2. The shortest
path transmitted by traveling wave from the fault point f
is equivalent to the shortest path transmitted by M and N
to the left and right ends, respectively. The shortest paths
from two subtree root nodes to other nodes are obtained
according to Dijkstra algorithm [27]. Let V denote the set of
nodes, which corresponds to the set of substations or buses
in the transmission network, and let E denote the set of
branches, which corresponds to the set of transmission lines.
The specific algorithm steps are as follows:

FIGURE 2. The directed tree model of the fault initial traveling wave.

Step 1: Initialize sets V and E , and define the set S which
contains only the fault point f at this time.

Step 2: Select the point i closest to the fault point f from
the set V and add it to the set S.
Step 3: Take point i as the new intermediate point to

re-consider the shortest path of other points, and modify the
distance of each point in the set V .

Step 4: If the distance from the fault point f via point i to
point i′ (i′ ∈ V ) is shorter than the distance from f → i′,
then modify the distance from point i′. The modified distance
should be the distance from f → i→ i′.

Step 5: Repeat steps 2, 3, and 4 until all points in the set V
are included in the set S.

The shortest path set from the subtree root node M to its
left points is defined as LM , and the shortest path set from
the subtree root node N to its right points is also defined
as LN , after the shortest path is obtained through the Dijkstra
algorithm. Therefore, a directed tree that is not the shortest
path is eliminated in Figure 2, and the results of LM and LN
are as follows:{

LM = {lMA, lMB, lMC , lMD}

LN = {lND, lNE , lNF , lNG, lNH }
(1)

where lMi (i = A, B, C , D) is the shortest path from M to the
point on its left; lNj (j = D, E , F , G, H ) is the shortest path
from N to the point on its right.
Combining Figure 1 and Figure 2, the topology of the

transmission network is defined as follows:
(1) Any subtree root node is selected as the distance base

point (DBP).
(2) The initial traveling wave which propagates along

the DBP toward the root node (fault point) is defined as
the positive direction traveling wave (PDTW) and the wave
velocity is positive, otherwise it is the negative direction
traveling wave (NDTW) and the wave velocity is negative.

(3) The substation passing by the PDTW is defined as
the positive direction substation (PDS) and the distance from
the DBP is positive, otherwise it is the negative direction
substation (NDS) and the distance from the DBP is negative.

If subtree root node M is selected as the DBP as shown
in Figure 1, substations A, B, C and D are NDSs, and
substations D, E , F , G and H are PDSs. D is either PDS or
NDS due to the special nature of the fault occurring in the
ring network. From Equation (1), the transmission distance
between PDS and DBP is:

L+ = LN + lMN (2)

where lMN is the distance between point M and point N via
fault point f . From Equation (1), the transmission distance
between NDS and DBP is:

L− = −LM (3)

C. DEFINITION OF VIRTUAL TREE
There are ring networks MND and EFH in the transmission
network as shown in Figure 1. In case of fault in a ring
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network, the shortest path of the initial traveling wave
transmission needs to be judged, because the fault traveling
wave start from the fault point to reach point D through
M (f → M → D), and also reach point D through N
(f → N → D). The interference line existing in this
judgment process is defined as a virtual tree, so the shortest
path directed tree suitable for the ring network is established.
The specific steps are as follows:

Step 1: Unloop the ring network at points D and H , and
add subtree nodes D’ and H ’.
Step 2: Create the shortest path directed tree according to

the method in Section II.B.
Step 3: Judge points D and H to exclude wrong virtual

trees.
There is no virtual tree at point H and the H ’F path

should be eliminated in the directed tree model, because
point H is fixed and unique based on the Dijkstra algorithm
when seeking the shortest path. Point D cannot determine the
shortest path for traveling waves transmission, so MD and
ND’ are defined as virtual trees. Virtual trees are represented
by blue lines in Figure 2. Ring network is automatically
unlooped by this proposed method, because the virtual points
corresponding to the wrong virtual tree are automatically
eliminated by the linear fitting criterion used in the later paper
content.

III. FAULT LOCATION METHOD BASED ON LINEAR
FITTING AND DIRECTED TREE MODEL
A. ANALYSIS OF FITTED STRAIGHT LINES FOR FAULT
TRAVELING WAVES
The fault initial traveling wave arrival time of each substation
recorded in the transmission network is linearly proportional
to the transmission distance (linear function form is Y =
aX + b), according to the principle of traveling wave
transmission. The fitted straight line (FSL) that directly
represents the traveling wave transmission characteristics is
obtained based on the principle of univariate linear regres-
sion. Accurate fault location is directly realized, according
to the fault characteristics displayed by the fault point on
the FSL.

FIGURE 3. Topology structure of the shortest path of the transmission
network.

The fault occurs at the line M1N1 in the shortest path
topology of the transmission network shown in Figure 3.
Taking the substation M1 as the DBP, any substation in this

transmission network is defined as k which is:

k=

{
Mi(i = 1, 2, . . . , m), if k located on the left of f
Nj(j = 1, 2, . . . , n), if k located on the right of f

(4)

For any substation k on the left side of the fault point f ,
there must be:

lM1k = v(tk − tM1 ) = vtk − vtM1 (5)

where v is the traveling wave propagation velocity; lM1k is the
shortest path from M1 to any substation k; tM1 is the initial
traveling wave arrival time recorded at detection point M1;
tk is the initial traveling wave arrival time recorded at any
detection point k . Similarly, for any substation k on the right
side of the fault point f , there must be:

lM1k = v(tk − tN1 )+ lM1N1 = vtk − vtN1 + lM1N1 (6)

where tN1 is the initial traveling wave arrival time recorded
at detection point N1; lM1N1 is the distance between pointM1
and point N1 via fault point f .
Observing Equations (5) and (6), which are linearly fitted

according to the principle of univariate linear regression. Let
Y = lM1k , X = tk . From Equation (5), a1 = v, b1 = −vtM1,
and Y = a1X + b1. From Equation (6), a2 = v, b2 =
−vtN1 + lM1N1, and Y = a2X + b2. The values of a1 and
a2 that are both wave speeds v, should be equal according to
the above analysis, but a1 and a2 can only be approximately
equal, because the slopes of two straight lines fitted through
two sets of different data are somewhat different based on the
perspective of linear fitting. The minimum of Equation (7)
are obtained by the a1, a2, b1 and b2 parameters, according
to the principle of univariate linear regression.

Q(a1, b1) =
m∑
i=1

(lM1k(i) − a1 − b1tk(i))
2

Q(a2, b2) =
n∑
j=1

(lM1k(j) − a2 − b2tk(j))
2

(7)

where k(i) = Mi (i = 1, 2, . . . ,m), k(j) = Nj (j =
1, 2, . . . , n). From the minimum value, the a1, a2, b1 and b2
parameters should be satisfied by the following Equations (8)
and (9):

∂Q
∂a1
= −2

m∑
i=1

(
lM1k(i) − a1 − b1tk(i)

)
= 0

∂Q
∂b1
= −2

m∑
i=1

(
lM1k(i) − a1 − b1tk(i)

)
tk(i) = 0

(8)


∂Q
∂a2
= −2

n∑
j=1

(
lM1k(j) − a2 − b2tk(j)

)
= 0

∂Q
∂b2
= −2

n∑
j=1

(
lM1k(j) − a2 − b2tk(j)

)
tk(j) = 0

(9)
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Equations (8) and (9) are simplified, and the values of a1, a2,
b1 and b2 are solved as follows:

a1 =

m∑
i=1

lM1k(i) − b1
m∑
i=1

tk(i)

m

b1 =

m
m∑
i=1

lM1k(i)tk(i) −
m∑
i=1

lM1k(i)

m∑
i=1

tk(i)

m
m∑
i=1

t2k(i) − (
m∑
i=1

tk(i))2

(10)



a2 =

n∑
j=1

lM1k(j) − b2
n∑
j=1

tk(j)

n

b2 =

n
n∑
j=1

lM1k(j)tk(j) −
n∑
j=1

lM1k(j)

n∑
j=1

tk(j)

n
n∑
j=1

t2k(j) − (
n∑
j=1

tk(j))2

(11)

FSL1 (Y = a1X + b1) corresponding to Equation (5) and
FSL2 (Y = a2X + b2) corresponding to Equation (6) are
calculated by Equation (10) and Equation (11), respectively.
The FSL1 and FSL2 are obtained as shown in Figure 4.

FIGURE 4. Linear fitting graph of fault traveling wave.

B. FAULT LOCATION ALGORITHM BASED ON
INTERSECTION OF FITTED STRAIGHT LINES
Based on the definition of the directional tree in section
II.B and the analysis of linear fitting in section III.A, point
M1 is set as the DBP in the transmission network shown in
Figure 3. The traveling wave propagating to the right from
the fault point f is PDTW, the wave velocity is positive, and
N1, N2, . . . ,Nn are PDSs whose distances from the DBP are
positive. On the contrary, the traveling wave propagating to
the left from the fault point f is NDTW, the wave velocity is
negative, andM1,M2, . . . ,Mm are the NDSs whose distances
from the DBP are negative. At this time, equations (5) and (6)
are still satisfied by all the substations in Figure 3, but the
wave velocity is changed from scalar to vector.

FIGURE 5. Schematic diagram of fault location method.

In Figure 4, the slope of the FSL1 is changed from +v
to −v (from a1 to −a1) and the intercept of the FSL1 is
changed from −vtM1 to + vtM (from b1 to −b1), according
to the above definition and analysis. FSL1 and FSL2 have
a unique intersection point f that is caused by this change
as shown in Figure 5. According to the physical meaning of
the FSL of the fault traveling wave, the intersection point f
must be the fault point, because only the traveling wave at
the fault point is propagated in two different directions of the
fault line in a transmission network, where the propagation
direction of the traveling wave at point f is both positive and
negative. Therefore, FSL1 and FSL2 are defined as a negative
direction fitted straight line (NDFSL) and a positive direction
fitted straight line (PDFSL), respectively. The ordinate of the
intersection point f of the two straight lines represents the
fault distance between the fault point f and the DBPM1. The
ordinate of the intersection of PDFSL and NDFSL is solved
by following simultaneous Equation (12):{

Y = −a1X − b1
Y = a2X + b2

(12)

where the values of a1, a2, b1, and b2 are calculated by
Equations (10) and (11). Therefore, accurate location of
transmission network faults is achieved through this fault
distance which is calculated by Equation (13):

lM1f = Yf =
a1b2 − a2b1
a1 + a2

(13)

Compared with the traditional traveling wave location
algorithm, a rectangular coordinate system which repre-
sents the fault traveling wave transmission characteristics
is established by the algorithm in this paper, where the
fault information of the entire transmission network is
comprehensively utilized. In rectangular coordinate system,
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the influence of wave velocity as the slope of FSL on
fault location is automatically eliminated, and accurate fault
location is achieved according to the intersection of PDFSL
and NDFSL. The proposed algorithm is easy to implement
and apply in practical power systems, because it is simple and
does not require a complicated solution process.

C. CORRECTION CRITERIA FOR FITTING STRAIGHT LINES
Incorrect fault traveling wave recording time is automatically
eliminated by the fault location algorithm based on inter-
section of fitted straight lines in this paper, so the proposed
algorithm is not affected by a certain point of equipment
fault or synchronization time error. In order to improve the
location accuracy of the algorithm, however, two correction
criteria for fitting straight lines are proposed in this paper
to ensure the high accuracy of the FSLs and realize the
error-free description of the fault traveling wave transmission
characteristics.

Correction criterion 1: The fitting time value tk ’ and the
actual recording time value tk of the fault traveling wave
arrival time of each substation are corrected one by one.
The time synchronization error is realized as 1µs, according
to the synchronized second clock developed by the author’s
research group. The error between the fitting time value tk ’
and the actual recording time value tk of each substation
should be less than 1µs, because to ensure that the fault
location error is less than 150m [28], that is, all PDSs and
NDSs must be satisfied by the Equation (14):∣∣t ′k − tk ∣∣ ≤ 1µs (14)

Correction criterion 2: Although traveling waves have
certain dispersion characteristics and traveling wave com-
ponents of different frequencies have different propagation
velocities when they are transmitted on the transmission line,
the deviation of the traveling wave velocity from the velocity
of light is small, according to the transmission characteristics
of traveling waves. Based on the above analysis, the slopes of
the two straight lines fitted by the proposed algorithm must
be satisfied by the Equation (15):∣∣∣∣ |a|vlight

− 1

∣∣∣∣× 100% ≤ 1% (15)

where vlight is the velocity of light which is about 0.3km/µs;
a is −a1 or a2 which are calculated from Equation (10) or
Equation (11), respectively.

Therefore, after obtaining PDFSL and NDFSL in
Section III.B, first of all, the fitting result is corrected by
the correction criterion 1, where the fitting points that do not
satisfy the Equation (14) are eliminated, and then the linear
fitting is performed again. Secondly, the slope of the FSL
is corrected according to the correction criterion 2. If the
slope is satisfied by Equation (15), the accuracy requirement
of the fitting result is satisfied, otherwise, the FSL needs to
be refitted. Finally, if the FSL has been fit for many times,
the correction criterion 1 and the correction criterion 2 still
cannot be satisfied, then the proposed algorithm is invalid.

The fitting error points are automatically eliminated
through the linear fitting process of the proposed algorithm,
which is equivalent to eliminating errors caused by factors
such as traveling wave location device faults, startup failure
and time recording error. Based on this principle, when a
fault occurs in a ring network, the fault traveling wave arrival
time (wrong virtual tree) that is not the shortest transmission
path during linear fitting is automatically eliminated by the
proposed algorithm, because the fault traveling wave trans-
mission path in the ring network is not unique. Therefore,
the linear relationship between the transmission time and the
transmission distance of the traveling wave is quantitatively
described, and the ring network is automatically unlooped to
achieve reliable and accurate fault location.

IV. IMPLEMENTATION OF THE PROPOSED FAULT
LOCATION METHOD
The implementation steps of the proposed fault location
method are shown in Figure 6, when a fault occurs at any point
on a certain line. The detailed steps are as follows: where
EMS stands for Energy Management System.

FIGURE 6. Flowchart of the proposed fault location method.

Step 1: The network parameters, including substation
parameters, transmission line parameters, switching param-
eters, and serial numbering of the end of the network at each
detection point, are initialized. Among them, the transmission
line length is obtained by the followingmethods: the traveling
wave signal is generated by using the opening and closing of
each circuit breaker of the line to measure the length of each

VOLUME 8, 2020 122615



K. Yu et al.: Novel Traveling Wave Fault Location Method for Transmission Network Based on Directed Tree Model and Linear Fitting

section of the line, after the installation of the traveling wave
location system is completed.

Step 2: The status of the circuit breaker is obtained,
according to the Energy Management System (EMS), and
the fault line is judged. The fault line MN is connected to
the substation with the initial traveling wave arrival time and
tripped.

Step 3: The directed tree model is established by the
Dijkstra algorithm, where the DBP, PDTW, NDTW, PDS and
NDS, are determined. The values of L+ and L− are calculated
by Equations (2) and (3), and the initial traveling wave arrival
time of each substation is detected.

Step 4: The positive and negative data obtained in step 3 are
used, in which the shortest path from the PDS to the DBP is
positive and the shortest path from the NDS to the DBP is
negative. The time when the initial traveling wave arrives at
each substation is taken as the X axis, and the shortest path
between each substation and the DBP is taken as the Y axis
to establish a rectangular coordinate system, where the two
straight lines PDFSL and NDFSL are drawn after the linear
fitting.

Step 5: Each positive and negative data point is judged
whether it is satisfied by the correction criterion 1, and the
virtual data points not satisfied by the Equation (14) are
eliminated.

Step 6: The slopes of the two fitted straight lines are judged
whether it is satisfied by the Equation (15) of the correction
criterion 2. If yes, go to step 7, otherwise go to step 4.

Step 7: The fault distance is calculated by Equation (13),
according to the ordinate of the intersection of the two straight
lines, the final PDFSL and NDFSL, to achieve accurate and
reliable fault location.

V. SIMULATION ANALYSIS
A. SIMULATION MODEL
The PSCAD/EMTDC is employed to test the proposed fault
location method. The simulation model is a typical Chinese
500kV transmission network whose topology is shown
in Figure 7. There are 10 substations and 14 transmission
lines, whose tower configuration and parameters are given
in Figure 8 and Table 1, respectively. All transmission lines
are modeled by frequency-dependent line model, with the
same conductor for type LGJ-300/40 and the same ground
wire for type GJ-100. The maximum sags of all conductors
and ground wires are 13.50m and 11.25m, respectively.
The earth resistivity is 250�/m and the length of each
transmission line is marked in Figure 7 (the unit is km).

In the simulation model, set A-phase-to-ground (AG) fault
point f1 with a transition resistance of 50�, which is located
on the line CD, and is 26.95km away from the point C . Set
AB-phase-to-ground (ABG) fault point f2 with a transition
resistance of 100�, which is located on the line EF, and is
39.53km away from the point E . Set BC-phase-to-phase (BC)
fault point f3 with a transition resistance of 200�, which is
located on the line IG, and is 68.74km away from the point I .

FIGURE 7. Simulation topology model for 500kV transmission network.

FIGURE 8. Configuration of the 500kV transmission line tower.

Set C-phase-to-ground (CG) fault point f4 with a transition
resistance of 400�, which is located on the line AJ, and is
85.31km away from the point A.

TABLE 1. Parameters of the 500kV transmission line for simulation.

B. DETECTION OF FAULT INITIAL TRAVELING WAVE
ARRIVAL TIME AT EACH SUBSTATION
The accurate detection of fault initial traveling wave arrival
time at each substation is important for fault location.
In this paper, synchronous detection devices are set at
the head and end of each line to collect voltage signals
by the coupling capacitor voltage transformers (CCVT) at
a sampling frequency of 10MHz [29]. The Karenbauer
transformation is applied for transforming the coupled three-
phase voltage components to independent modal components
including the ground and aerial modal components. The
Karenbauer transformation is given as [30], [31]:

uα
uβ
uγ
u0

 = 1
3


1 −1 0
1 0 −1
0 1 −1
1 1 1


 uaub
uc

 (16)
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where ua, ub and uc represent the three-phase voltages,
respectively; uα , uβ and uγ represent the aerial-mode
voltages; u0 represents the ground-mode voltage. The aerial
modal component is more suitable for fault location than
the ground modal component, because the ground modal
traveling wave head attenuation is severe and difficult
to detect. Therefore, uα is selected to obtain the detec-
tion of fault initial traveling wave arrival time at each
substation.

In order to better identify the wave head of the fault
initial traveling wave to obtain accurate time, uα needs to
be decomposed by wavelet transform. Daubechies-4 (db4)
Discrete Wavelet Transform (DWT) is used to transform
the transient voltage samples based on the research of
traveling wave transmission paths because of its prominent
characteristic of time-translation invariance. The first peak
shown in the detail-1 signal of the DWT is corresponding
to the arrival time of the fault initial traveling wave at the
detection device, which are obtained by observing wavelet
transformation coefficient squared (WTC2s). The DWT of
discrete signal f [n] is quickly implemented by the Mallat
algorithm [32], [33]:

V2j f [n] =
∑
k

h[k]V2j−1 f [n− 2j−1k]

W2j f [n] =
∑
k

g[k]V2j−1 f [n− 2j−1k]
(17)

where V j
2f [n] and W

j
2f [n] are the low-frequency approxima-

tion coefficients and the high-frequency detail coefficients
in scale j, respectively. The approximation coefficients in
scale 0 is exactly the original discrete signal f [n]. h[n]
and g[n] are the low-pass and high-pass filter coeffi-
cients, respectively, corresponding to the selected mother
wavelet.

The above four fault points are simulated separately, and
the time when the fault initial traveling wave arrives each
substation is obtained after Karenbauer transformation and
DWT, as shown in Table 2. Taking the simulation result of the
fault point f1 as an example, this paper shows the waveform
diagram of fault traveling wave uα signals at each substation
and their WTC2s results, as shown in Figure 9 and Figure 10,
respectively. The abscissa corresponding to the first peak
in Figure 10 is the time when the fault initial traveling wave
arrives each substation.

TABLE 2. Arrival times of fault initial traveling wave head.

C. TYPICAL CASE ANALYSIS OF PROPOSED METHOD
1) TEST CASE 1: AG FAULT f1
In the first case, the AG fault f1 shown in Figure 7 occurs on
the line CD. Point C is selected as the DBP, and the direction
of the wave velocity when the traveling wave is transmitted
from the fault point f1 to point D is set to the positive
direction, according to the analysis in Section II. A directed
tree model for fault f1 as shown in Figure 11 is established.
In order to verify that the time recording of the traveling wave
location device of a substation in the transmission network is
incorrect, the proposed method can still accurately locate the
fault. It is assumed that the traveling wave location device
of the substation G records the error time which is 926.8µs.
In the actual situation, the time recording error of the location
device may be due to the interference of some random
errors. The traveling wave arrival time of each substation
and its distance from the DBP are recorded according to this
model, where the NDSs data and PDSs data are shown in
Tables 3 and 4, respectively.

According to the data in Tables 3 and 4 and the linear
fitting principle, the initial traveling wave head arrival time
is taken as the X axis, and the distance from each substation
to the DBP is taken as the Y axis, two FSLs called PDFSL
and NDFSL are plotted in this rectangular coordinate system,
as shown in Figure 12. The straight line equation of the
two FSLs is calculated by the principle of univariate linear
regression as follow:{

Y = −0.29971X + 26.94388
Y = 0.29972X + 26.95840

(18)

where a1 = 0.29971, a2 = 0.29972, b1 = −26.94388 and
b2 = 26.95840.
In linear fitting, the error pointG and the virtual point I are

eliminated according to the correction criterion 1:{ ∣∣t ′G − tG∣∣ = |1045.4− 926.8|µs = 118.6µs ≥ 1µs∣∣t ′I − tI ∣∣ = |1213.5− 1187.9|µs = 25.6µs ≥ 1µs
(19)

where tG’ and tI ’ are the fitting times of the fault traveling
waves to the subtree nodes G and I , respectively. So that the
incorrect virtual tree JI is eliminated, and the ring network is
automatically unlooped. At this time, the slopes of the two
fitted straight lines are satisfied by correction criterion 2:

∣∣∣∣ | − a1|vlight
− 1

∣∣∣∣× 100% =

∣∣∣∣ | − 0.29971|
0.3

− 1

∣∣∣∣
×100% = 0.097% ≤ 1%∣∣∣∣ |a2|vlight

− 1

∣∣∣∣× 100% =

∣∣∣∣ |0.29972|0.3
− 1

∣∣∣∣
×100% = 0.093% ≤ 1%

(20)

The location of the fault point is the intersection of two
fitted straight lines. According to the Equations (13) and (18),
the fault distance lCf 1 = 26.95114km. The location error of
this case is 0.003%. The main theoretical error may come
from two aspects: On the one hand, it is related to the error of
the linear fitting in the fitting accuracy. Therefore, it is only
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FIGURE 9. Voltage traveling wave uα signals at each substation for AG fault f1.

necessary to ensure that the points of the linear fitting are
correct, then the error of fitting the straight line is very small,
and it will basically not affect the fault location. On the other
hand, it is related to the correction criterion proposed by the
authors. According to the basic principle that the traveling
wave velocity is close to the velocity of light, the authors set
the difference between the error time and the fitting time to

1µs in the correction criterion. This setting can control the
location error within 150m, which greatly reduce the impact
of time recording error points on fault location.

2) TEST CASE 2: ABG FAULT f2
In the second case, the ABG fault f2 shown in Figure 7
occurs on the line EF. Point E is selected as the DBP, and
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FIGURE 10. Arrival time at each substation obtained by voltage WTC2s for AG fault f1.

the direction of the wave velocity when the traveling wave
is transmitted from the fault point f2 to point F is set to
the positive direction. A directed tree model for fault f2 as
shown in Figure 13 is established. Any one of the location
devices may malfunction and start failure in actual operation,

resulting in the situation that the substation cannot detect
the traveling wave signal. Assume that, the traveling wave
location device of the substationH fails or fails to start, which
causes the arrival time of the traveling wave signal is not
recorded. At this time, the traveling wave location device of
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FIGURE 11. Directed tree model for fault f1.

TABLE 3. Data for the NDSs of fault f1.

TABLE 4. Data for the PDSs of fault f1.

FIGURE 12. Diagram of two FSLs of fault f1 for fault location.

the substation C records the error time which is 913.9µs. The
traveling wave arrival time of each substation and its distance
from the DBP are recorded according to this model, where
the NDSs data and PDSs data are shown in Tables 5 and 6,
respectively.

FIGURE 13. Directed tree model for fault f2.

TABLE 5. Data for the NDSs of fault f2.

TABLE 6. Data for the PDSs of fault f2.

FIGURE 14. Diagram of two FSLs of fault f2 for fault location.

According to the data in Tables 5 and 6 and the linear fitting
principle, two FSLs called PDFSL and NDFSL are plotted in
this rectangular coordinate system, as shown in Figure 14.
The straight line equation of the two FSLs is calculated by
the principle of univariate linear regression as follow:{

Y = −0.29971X + 39.51859
Y = 0.29975X + 39.52764

(21)

where a1 = 0.29971, a2 = 0.29975, b1 = −39.51859 and
b2 = 39.52764.
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In linear fitting, the error point C and the virtual point G
are eliminated according to the correction criterion 1:{ ∣∣t ′C − tC ∣∣ = |769.3− 913.9|µs = 144.6µs ≥ 1µs∣∣t ′G − tG∣∣ = |957.4− 366.0|µs = 591.4µs ≥ 1µs

(22)

where tC ’ and tG’ are the fitting times of the fault traveling
waves to the subtree nodes C and G, respectively. So that the
incorrect virtual tree EG is eliminated. At this time, the slopes
of the two fitted straight lines are satisfied by correction
criterion 2:

∣∣∣∣ | − a1|vlight
− 1

∣∣∣∣× 100% =

∣∣∣∣ | − 0.29971|
0.3

− 1

∣∣∣∣
×100% = 0.097% ≤ 1%∣∣∣∣ |a2|vlight

− 1

∣∣∣∣× 100% =

∣∣∣∣ |0.29975|0.3
− 1

∣∣∣∣
×100% = 0.083% ≤ 1%

(23)

The location of the fault point is the intersection of two
fitted straight lines. According to the Equations (13) and (21),
the fault distance lEf 2 = 39.52311km. The location error of
this case is 0.010%.

FIGURE 15. Directed tree model for fault f3.

3) TEST CASE 3: BC FAULT f3
In the third case, the BC fault f3 shown in Figure 7 occurs on
the line IG. Point I is selected as the DBP, and the direction
of the wave velocity when the traveling wave is transmitted
from the fault point f3 to pointG is set to the positive direction.
A directed tree model for fault f3 as shown in Figure 15 is
established. Assume that, the traveling wave location device
of the substation C fails or fails to start, which causes the
arrival time of the traveling wave signal is not recorded. The
traveling wave arrival time of each substation and its distance
from the DBP are recorded according to this model, where
the NDSs data and PDSs data are shown in Tables 7 and 8,
respectively.

According to the data in Tables 7 and 8 and the linear fitting
principle, two FSLs called PDFSL and NDFSL are plotted in
this rectangular coordinate system, as shown in Figure 16.

TABLE 7. Data for the NDSs of fault f3.

TABLE 8. Data for the PDSs of fault f3.

FIGURE 16. Diagram of two FSLs of fault f3 for fault location.

The straight line equation of the two FSLs is calculated by
the principle of univariate linear regression as follow:{

Y = −0.29970X + 68.72363
Y = 0.29973X + 68.74314

(24)

where a1 = 0.29970, a2 = 0.29973, b1 = −68.72363 and
b2 = 68.74314.
In linear fitting, the virtual point D, virtual point F , and

virtual point B’ are eliminated according to the correction
criterion 1:
∣∣t ′D − tD∣∣ = |1502.5− 1302.0|µs = 200.5µs ≥ 1µs∣∣t ′F − tF ∣∣ = |650.6− 595.0|µs = 55.6µs ≥ 1µs∣∣t ′B′ − tB′ ∣∣ = |1219.4− 1036.7|µs = 182.7µs ≥ 1µs

(25)

where tD’, tF ’ and tB’’ are the fitting times of the fault
travelingwaves to the subtree nodesD,F andB’, respectively.
So that the incorrect virtual trees CD, IF and EB’ are
eliminated. At this time, the slopes of the two fitted straight
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lines are satisfied by correction criterion 2:

∣∣∣∣ | − a1|vlight
− 1

∣∣∣∣× 100% =

∣∣∣∣ | − 0.29970|
0.3

− 1

∣∣∣∣
×100% = 0.100% ≤ 1%∣∣∣∣ |a2|vlight

− 1

∣∣∣∣× 100% =

∣∣∣∣ |0.29973|0.3
− 1

∣∣∣∣
×100% = 0.090% ≤ 1%

(26)

The location of the fault point is the intersection of two
fitted straight lines. According to the Equation (13) and (24),
the fault distance lIf 3 = 68.73338km. The location error of
this case is 0.004%.

4) TEST CASE 4: CG FAULT f4
In the last case, the CG fault f4 shown in Figure 7 occurs on
the line AJ. Point A is selected as the DBP, and the direction
of the wave velocity when the traveling wave is transmitted
from the fault point f4 to point J is set to the positive direction.
A directed tree model for fault f4 as shown in Figure 17 is
established. It is assumed that the traveling wave location
device of the substationsD andG record the error timeswhich
are 1008.8µs and 538.6µs, respectively. The traveling wave
arrival time of each substation and its distance from the DBP
are recorded according to this model, where the NDSs data
and PDSs data are shown in Tables 9 and 10, respectively.

FIGURE 17. Directed tree model for fault f4.

TABLE 9. Data for the NDSs of fault f4.

According to the data in Tables 9 and 10 and the linear
fitting principle, two FSLs called PDFSL and NDFSL are
plotted in this rectangular coordinate system, as shown
in Figure 18. The straight line equation of the two FSLs is
calculated by the principle of univariate linear regression as

TABLE 10. Data for the PDSs of fault f4.

FIGURE 18. Diagram of two FSLs of fault f4 for fault location.

follow: {
Y = −0.29969X + 85.29421
Y = 0.29972X + 85.33009

(27)

where a1 = 0.29969, a2 = 0.29972, b1 = −85.29421 and
b2 = 85.33009.
In linear fitting, the error point D, error point G, and

virtual point E’ are eliminated according to the correction
criterion 1:

∣∣t ′D − tD∣∣ = |926.5− 1008.8|µs = 82.3µs ≥ 1µs∣∣t ′G − tG∣∣ = |892.3− 538.6|µs = 353.7µs ≥ 1µs∣∣t ′E ′ − tE ′ ∣∣ = |987.2− 865.9|µs = 121.3µs ≥ 1µs

(28)

where tD’, tG’ and tE’’ are the fitting times of the fault trav-
eling waves to the subtree nodes D, G and E’, respectively.
So that the incorrect virtual trees FE’ is eliminated. At this
time, the slopes of the two fitted straight lines are satisfied by
correction criterion 2:

∣∣∣∣ | − a1|vlight
− 1

∣∣∣∣× 100% =

∣∣∣∣ | − 0.29969|
0.3

− 1

∣∣∣∣
×100% = 0.103% ≤ 1%∣∣∣∣ |a2|vlight

− 1

∣∣∣∣× 100% =

∣∣∣∣ |0.29972|0.3
− 1

∣∣∣∣
×100% = 0.093% ≤ 1%

(29)

The location of the fault point is the intersection of two
fitted straight lines. According to Equations (13) and (27),
the fault distance lAf 4 = 85.31214km. The location error of
this case is 0.002%.
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TABLE 11. Fault location results.

TABLE 12. Compared results of the three methods.

D. PERFORMANCE EVALUATION OF PROPOSED METHOD
Table 11 is obtained from the simulation results in
Section V.C. The results summarized in Table 11 show
that the method proposed in this paper has high accuracy,
small error, and only needs the intersection of two fitted
straight lines to achieve fault location. The fault location
idea is simple, convenient and feasible with a minor error
of <0.01%, for any fault section and fault type. Even
if any location device in the power system faults startup
failure or time recording error, highly accurate and reliable
location results can still be obtained because the error point
is effectively eliminated through the correction criteria in the
proposed method.

In this paper, two traveling wave location methods for
transmission networks based on network-wide information
and capable of eliminating time recording errors are selected
for the comparative study, where the processing time and
sampling frequency are consistent with the simulation in
proposed method, 10ms and 10MHz respectively. The
Dijkstra algorithm is also used to find the shortest path of the
fault traveling wave in the method of [26], but the method
in [25] uses the Floyd algorithm to find the shortest path.
According to the research in [26], in the case that complex
ring networks are required to be decomposed into a radial
network, the Floyd algorithm is not suitable, because data
failure and miscalculation are occurred when the fault line is
in the ring network. The methods of [25] and [26] both need
to consider the impact of wave velocity on the calculation
of the fault distance (set the wave velocity v = 0.2997µs /
km), and when the final fault distance is calculated, the entire
network information is processed by weighting and summing
theweights. It is easy to cause remote informationwith higher
time accuracy ignored when setting weights, andmore human
interference factors are added. Therefore, the robustness and
reliability of these two methods are not as excellent as the
proposedmethod. The performance of the comparedmethods
is listed in Table 12, where results show that the proposed
method has slightly lower errors.

VI. CONCLUSION
A novel traveling wave fault location method based on
directed tree model and linear fitting is proposed in this
paper. Through theoretical analysis and simulation results,
the complex engineering problems are transformed into intu-
itive mathematical problems by this method, which achieves
high-precision and reliable location after any transmission
line faults in the entire transmission network. The advantages
of this method are as follows:

(1) All the recorded data are plotted in the rectangular
coordinate system. It is not necessary to judge whether
each detection data is correct in sequence, because time
recording error points are automatically eliminated during
linear fitting. The accuracy of fault location is not affected by
time unrecorded and recording error points, with high fault
tolerance rate.

(2) In this proposed method, traveling wave velocity is
only used as the slope of two FSLs in linear regression
analysis, and its size does not need to be considered affected
by other factors, according to the characteristic that fault
traveling wave transmission distance is proportional to the
transmission time. Therefore, the problem of the impact of
wave velocity uncertainty on the accuracy of fault location
in traveling wave location is solved, and the fault distance
is obtained simply and intuitively through the intersection of
two FSLs.

(3) In this proposed method, the erroneous data points,
which represents the non-shortest transmission path of the
fault traveling wave, are automatically eliminated, and the
fault information of the entire transmission network in fault
location is comprehensively utilized, according to the FSL in
the directed treemodel. The problem of difficult fault location
due to the complex traveling wave transmission path in the
transmission network with ring network is solved, because
the ring network is automatically unlooped which reduces the
steps of setting data and enables easier fault location.

(4) In order to ensure the accuracy of fault location in this
method, two correction criteria are set in the process of linear
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error elimination of erroneous data points. The correction
criterion 1 |t ′k -tk | ≤1µs, the setting of 1µs basically
guarantee that the location error is within 150m. When the
slope of the FSL is satisfied by the correction criterion
2 |(|a|/vlight )-1|×100%≤1%, the location accuracy of the
method is ensured, based on the analysis of the transmission
characteristics of the traveling wave. The location accuracy
error is less than 0.01% for any fault section and fault type.
Even if any location device in the power system faults startup
failure or time recording error, highly accurate and reliable
location results can still be obtained.
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