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Abstract: Fault location is crucial for enhancing power supply reliability and shortening
power outage duration. Traditional power frequency-based fault location methods are limited
by the distributed generation integration and the complex grid topology of renewable energy
systems, while traveling wave (TW) fault location technology has become a research hotspot
due to its high accuracy and fast response. The mainstream TW methods (single-ended,
double-ended) have inherent drawbacks. This paper proposes a hypothetical fault-based fault
location method: Acquire data from each sensor, obtain the time information of wavefronts via
the db6 wavelet transform, and then construct a time matrix accordingly. Randomly assume
a fault point, calculate the TW arrival time difference matrix between the hypothetical fault
(based on shortest-path propagation) and the actual fault, derive the time information difference
degree by comparing the two matrices, and iteratively update the hypothetical fault point via an
optimization algorithm until the matrices coincide. Meanwhile, based on the hypothetical fault
method, the mathematical expressions for the line fault observability constraints are derived, the
optimal configuration model of traveling wave recorders in the network is established, and the
solution is completed. This method achieves accurate fault location, assists in judgingwhether the
network is measurable, and further enables the design of a planning and configuration model to
realize the optimal configuration of TWRs under the condition of full-network fault observability
without analyzing and deconstructing the network structure. Simulations are conducted on the
IEEE 30-bus and IEEE 57-bus systems, respectively, to verify the method’s effectiveness.

Keywords: fault location; wavelet transform; optimal configuration; traveling wave;
wide-area synchronized measurements

1. Introduction

Fault location in power systems is crucial for enhancing power supply reliability
and reducing power outage duration [1]. Traditional fault location methods based on
power frequency quantities are susceptible to the impacts of factors such as transition
resistance, distributed generation integration, and complex grid topology [2]. Traveling
wave (TW) fault location technology has emerged as a research hotspot in the field of
power system fault location due to its high accuracy and fast response capability [3].
This technology detects the TW signals generated upon the occurrence of faults and
determines the fault point location based on the propagation time or characteristic
differences of TW, thereby circumventing some limitations of traditional methods [4].

1

https://orcid.org/0009-0005-7925-5632
https://orcid.org/0000-0002-2676-3060
https://orcid.org/0000-0003-2844-1329
https://orcid.org/0000-0003-3994-7413
https://orcid.org/0000-0003-4868-5283
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Sound & Vibration 2026, 60(2), 3856.

Three mainstream technical approaches are currently available for TW-based
fault location, namely the single-ended method [5,6], double-ended method [7,8], and
network location method [9, 10]. The single-ended method features a straightforward
implementation framework, as it only leverages fault-related signals acquired from
a single-terminal device; its core advantages include the elimination of clock
synchronization requirements and reduced capital investment for system deployment.
However, a key drawback of this method lies in its poor performance in identifying
reflected waves generated by faults when applied to networks with intricate connection
structures. In contrast, the double-ended method only relies on the arrival time of
the initial traveling wave head for fault location, making it the most effective method
applied in this field. Nevertheless, the double-ended method suffers from distinct
limitations in certain practical scenarios. First, its fault positioning accuracy is highly
susceptible to the rationality of traveling wave velocity selection, and an inappropriate
wave velocity setting will directly induce a notable decline in location precision. In
addition, the mandatory requirement of deploying location devices at both terminals of
each transmission line gives rise to a substantial increase in equipment procurement,
installation, and maintenance costs, which imposes economic pressure on the grid.

In actual power grids, especially in distribution networks and rural power grids
featuring complex structures and numerous branches, they are confronted with multiple
challenges [11]. Equipment commonly found in these networks, such as capacitor
banks, voltage regulators, and transformers, may lead to the distortion and attenuation
of TW signals [12]. Meanwhile, TW protection schemes require a high sampling
frequency to accurately detect traveling wave fronts [13]. Existing TW fault location
methods usually rely on installing detection equipment at all line terminals or key nodes,
which not only increases economic costs but also brings inconvenience to equipment
installation and maintenance [14]. For example, inMTDC grids, boundary components
may not be available at the terminals of transmission lines, rendering traditional TW
protection schemes inapplicable [15].

To address these challenges, researchers are actively exploring the use of fewer
or more intelligent TWRs and improving the accuracy and robustness of fault location
through advanced signal processing technologies, optimization algorithms, and data
fusion methods. Yu et al. [16] have proposed a double-terminal TW fault location
method based on frequency-dependent electrical parameters to enhance the fault
location accuracy of high-voltage alternating current (HVAC) cable lines. Naidu and
Pradhan [17] have proposed a novel double-terminal TW fault location method, which
combines the advantages of the single-terminal method and the double-terminal method
to resolve the demand for strict clock synchronization in traditional double-terminal
methods and the deficiencies of single-terminal methods in wave velocity accuracy
and wave front identification. To address the issues of clock synchronization errors and
inaccurate TW velocity in TW network location methods, Wu et al. [18] have proposed
a TW network location method based on virtual fault time difference information,
which improves positioning accuracy by simulating the TW propagation of virtual
faults. Zhang et al. [19] analyzed and decoupled the information of fault distance
and fault severity, realizing rapid fault location. Xia et al. [20] proposed a multi-fault
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location method based on virtual faults, achieving the simultaneous high-precision
location of multiple fault points. Xia et al. [21] optimized and calibrated traveling
wave wavefronts, addressing the time calibration issue of weak fault signals in fault
location. These network-based fault location methods have often been proven effective
in networks equipped with far more sensors than the required quantity.

Considering the installation cost of a traveling wave recorder (TWR), it is
important to investigate the placement scheme of the fault detectors at minimal
locations on the network so that the fault location can be observability achieved over
the entire network. Galvez and Abur [22] investigated how to achieve fault location
on sparse TWR datasets and proposed a TWR configuration method to ensure network
observability, but it fails to achieve the minimum number of TWRs. Salehi et al. [23]
obtained the TWR configuration scheme by analyzing and deconstructing the network
structure. Mohammadi et al. [24] realized the optimal configuration under full-network
fault observability through sensitivity analysis; however, it requires additional voltage
and current information and is mainly oriented toward phasor measurement units
(PMUs) rather than TWRs. Dolatabadi and Golshan [25] analyzed the observability of
impedance-based fault location, yet did not formulate such observability as constraints
or solve the corresponding problem in sensor configuration planning. Mohammadniaei
et al. [26] implemented fault locationwith a small number of sensors in simple networks
based on game theory and the Dijkstra algorithm, but this method is hardly applicable to
complex networks such as ring networks. Maritz et al. [27] used the concepts of metric
dimension and vertex covers in a graph to achieve the optimal quantity and placement of
detectors. This approach first determines theminimum number of detectors via network
analysis and then realizes optimal deployment through a placement algorithm. This
paper will propose a one-step method.

This paper proposes a fault location method based on hypothetical faults,
which can achieve accurate fault location, assist in judging whether the network is
measurable, and further design a planning and configuration model to realize the
optimal configuration of TWRs under the condition of full-network fault observability
without analyzing and deconstructing the network structure.

2. Traveling wave location method based on hypothetical faults

Consider m TWRs deployed in the network, each capturing the time of arrival
(ToA) of fault-originated traveling waves, which jointly constitute the dataset Tm.

Tm = (t1, t2, · · · , tk, · · · , tm)T (1)

For a power grid with N nodes and L lines. A scale coefficient τ ∈ [0, 1] is
introduced to represent the distance from the fault point to the head end of the line,
where τ = 0 and τ = 1 correspond to the bus fault cases. The propagation time (i.e.,
delay) from the fault occurrence point to the sensor depends on the network topology,
propagation velocity, as well as three unknown variables [28]:

1) the identity of the faulty line (a, b);
2) the location of the fault on the line (τ ∈ [0, 1]);
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3) the time instant at which the fault has occurred (t0).

Obviously, for the k-th TWR, a corresponding equation exists. This dataset yields
an overdetermined system of equations. The contributions of the hypothetical fault
method proposed in this paper are as follows:

1) It can accurately obtain the unique solution when the number of measurement
points m is less than the total number of nodes N and the system of equations has
a unique solution, thus achieving precise fault location.

2) It can assist in judging whether the current TWR installation scheme of the
network can realize full-network fault observability.

3) It further presents an optimal configuration method to achieve full-network fault
observability with the minimum number of installed TWRs.

2.1. Fault traveling wave arrival time function based on Dijkstra
algorithm
A grid can be modeled as a graph structure, where arcs denote transmission lines

and nodes represent buses. When a fault occurs on a transmission line, a transient
waveform is generated and propagates throughout the network. The Dijkstra algorithm
is a classic algorithm for solving the shortest path problem between any two nodes in
a network structure [29]. We construct a weighted matrix V by taking the line length
and the wave velocity correction coefficient as the weights.

V =


V11 V12 · · · V1n

V21 V22 · · · V2n

...
... . . . ...

Vn1 Vn2 · · · Vnn

 (2)

Vij =


v
′
ijlij node i, j connected
∞ node i, j not connected
0 i = j

(3)

v
′
ij refers to the wave velocity correction coefficient, which is applied when there

are significant differences in the wave velocities of lines in the network, and it is
generally set to 1. Based on the weighted matrix, the shortest path between node i
and node j can be calculated by the Dijkstra algorithm, denoted as dij .

Therefore, the shortest path of the fault TW from the fault point f on line lab to the
i-th node in the system can be expressed as

dfi = min {τ lab + dai, (1− τ)lab + dbi} (4)

thus,
ti − t0 = dfi ·

1

v
(5)

By subtracting the arrival times of the initial fault TW pairwise, the fault
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occurrence time t0 can be eliminated.

tij = ti − tj =
1
v (min {τ lab + dai, (1− τ)lab + dbi}−

min {τ lab + daj , (1− τ)lab + dbj})
(6)

tij is evident that the function is a piecewise function of τ, and its graph can be
plotted as shown in Figure 1. Since the relative positions of the breakpoints and the
value range of [1] on the coordinate axis depend on the network structure, the graph of
the function over the interval [1] may take various forms, including a constant function,
a linear function, a two-segment piecewise function, or a three-segment piecewise
function.

(a) (b)

Figure 1. Different cases of the two piecewise functions: (a) when (dbj − daj + lab)/2lab <

(dbi − dai + lab)/2lab; (b) when (dbj − daj + lab)/2lab ≥ (dbi − dai + lab)/2lab.

Solve for τ corresponding to all branches to obtain the solution set; the intersection
of all solution sets is the desired fault point. It is not difficult to see that the complexity
of the above method lies in the fact that multiple points are often obtained when solving
for the fault points that satisfy the known time difference relationship, which requires
repeated classified discussions during the solution process. In addition, this method
is quite sensitive to parameters such as wave velocity and wave velocity correction
coefficient.

2.2. Overall idea and process of hypothetical fault
When the line number and scale coefficient are known, the forward calculation of

time differences is much more convenient compared with the above method. Based on
this idea, this paper proposes a fault location method based on hypothetical faults, and
its overall operation process is as follows:

The fault localization method randomly assumes a hypothetical fault point in
the transmission line. Based on the shortest-path propagation characteristic of the
initial fault TW, it calculates the time difference matrix of the initial TW from the
hypothetical fault arriving at all measurement points. The accuracy of the hypothetical
fault point’s location is measured by the time information difference degree between
the hypothetical fault and the actual fault. The hypothetical fault point’s location is
continuously updated in an optimized manner to approach the actual fault point. The
localization process is as follows:
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1) After a fault occurs in the transmission line, the initial fault TW reaches each
substation along the shortest path. The arrival time of the initial TW is recorded
by the TW detection device. The arrival times of the initial TW at all measurement
points are subtracted pairwise to obtain the time difference matrix of the actual fault.

2) Multiple points are randomly selected as hypothetical fault points in the
transmission line. The initial fault TW signal is sequentially simulated to
propagate to each measurement point along the shortest path. The arrival time
of the initial TW from the hypothetical fault point at each measurement point
is calculated based on the TW velocity and propagation path length of the
hypothetical fault, and then the time differences are computed pairwise to obtain
the time difference matrix of the hypothetical fault.

3) The time information difference degree is derived by comparing the time
difference matrix of the actual fault with that of the hypothetical fault.

Select an optimization algorithm to update the position of the hypothetical fault
point, and repeat Steps 2) and 3) to gradually approach the actual fault point. Only
when the hypothetical fault point coincides with the actual fault point do their time
difference matrices show consistency, with all elements in the matrices fully matching
and the time information difference degree equal to 0.

2.3. Calculation of time difference matrix and time information difference
degree
The arrival times of the initial fault TW are subtracted pairwise to obtain the time

difference matrix∆Tm of the actual fault. Since∆Tm is a skew-symmetric matrix, the
lower triangular part is set to zero.

∆Tm =


0 t12 · · · t1m

0 0 · · · t2m
...

...
. . .

...
0 0 · · · 0

 (7)

To weaken the impact of factors such as wave velocity attenuation and time
measurement error of remote measurement points on location accuracy, weights are
assigned according to the fault distance. The longer the fault propagation distance
to the two measurement points, the lower the weight of the time difference between
these two points. The time information dissimilarity et is defined as the l-norm of the
time information difference matrix, divided by the number of elements in the matrix to
eliminate the influence of the TWR count.

et
def
=

1

m(m− 1)
∥∆ê∥l (8)

∆ê =


0

t
′
12−t12

df1+df2
· · · t

′
1m−t1m
df1+dfm

0 0 · · · t
′
2m−t2m
df2+dfm

...
...

. . .
...

0 0 · · · 0

 (9)
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The Particle Swarm Optimization (PSO) algorithm can be selected as the solution
algorithm [30]. To ensure the speed and accuracy of fault location, this paper takes
the minimization of the time information difference degree as the objective, takes the
actual fault point position as the solution, and transforms this problem into a solution
optimization problem. The fitness function is selected as the reciprocal of the time
information difference degree, and more initial positions of particles are distributed on
the lines where the nodes with earlier arrival times of the initial TW are located.

PSO starts with algorithm initiation and parameter initialization, during which
the population size, maximum number of iterations, search space dimension, variable
boundaries, the inertia weight, cognitive coefficient, and social coefficient are specified.
After this initialization, the position and velocity vectors of all particles in the
population are randomly generated to ensure they lie within the preset feasible search
space.

Next, the fitness value of each particle’s current position is calculated using
Equation (8), serving as the metric to evaluate particle performance. Each particle’s
personal best position is initialized to its own starting position, while the global best
position of the entire population is identified by traversing all particles and selecting
the one with the optimal fitness. The iterative optimization loop then commences.
Subsequently, particle positions are adjusted based on the updated velocities, and any
out-of-bounds positions or velocities are corrected to the feasible domain usingmethods
such as truncation or reflection. After updating positions, the new fitness value of each
particle is recomputed. This iterative process continues until the termination criteria
are met—including reaching the maximum number of iterations and fitness converging
to a preset precision threshold.

The flowchart of the fault location method based on a hypothetical fault is shown
in Figure 2.

Figure 2. Flowchart of fault location method based on hypothetical fault.

In addition, the wave velocity information is actually included in the time

7



Sound & Vibration 2026, 60(2), 3856.

difference matrix. To eliminate the errors of parameters such as wave velocity error,
the wave velocity can also be set as an unknown variable. The weighted matrix of the
formula is modified according to the wave velocity ratio of the actual lines to increase
the number of variables, thereby eliminating the impact of wave velocity.

2.4. Hypothetical fault-based TWR configuration method
To meet the requirement of minimizing the number of TWR deployments,

and further considering the actual installation requirement degree of each node,
the objective function, as shown in Equation (10), is established. Where xk is
the variable for configuring the TWR at node k (1 indicates configuration, and 0
indicates non-configuration), and wk is the weight coefficient of the TWR installation
requirement degree for node k. The calculation method of wk is derived from Liang et
al. [31].

min
k=1
N∑

wkxk

xk ∈ {0, 1}
(10)

Fault non-locatability means that the movement of the hypothetical fault point will
not cause any change in the time difference relationship of any TWR, that is to say, the
change in the time information difference degree, i.e.,

∂et
∂τ = 0 ∀lij (11)

When the configuration scheme is still to be determined in the planning phase,
the previous formula can be rewritten as the following formula. A TWR configuration
variable is added before each term to indicate that the corresponding term in the time
difference matrix is non-zero only when both nodes are equipped with TWRs.

∆ê =


0 x1 · x2 ·

t
′
12−t12

df1+df2
· · · x1 · xn · t

′
1n−t1n

df1+dfn

0 0 · · · x2 · xn · t
′
2n−t2n

df2+dfn
...

... . . . ...
0 0 · · · 0

 (12)

m =
n∑

k=1

xk (13)

It can be seen from the analysis of the graph that as long as it is ensured that the
piecewise function is not a constant near both 0 and 1 simultaneously, there will be at
least one term changing in the time information difference degree matrix, and thus this
line is measurable. Then, the condition to ensure the measurability of line ij can be
expressed as the following formula. Full-network measurability can be achieved if the
measurability condition is satisfied for all lines through traversal.

et |τ = 0, f ∈ lij − et |τ = 0 +∆τ, f ∈ lij
∆τ

̸= 0 (14)
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et |τ = 1, f ∈ lij − et |τ = 1−∆τ, f ∈ lij
∆τ

̸= 0 (15)

It is noted that the actual fault time difference matrix in the formula is a constant
matrix, and ∆τ is very small, so the actual fault time differences can be regarded as
offsetting each other for the convenience of calculation. Combined with the formula,
the 0–1 programming problem can be solved to obtain the configuration matrix.

The fast non-dominated sorting genetic algorithm (NSGA-II) is widely applied to
problems whose objective function takes the form of the sum of coefficient-weighted
0–1 variables. The 0–1 coding characterizing the installation status of measurement
devices is arranged in a sequence, whose structure is highly similar to the relationship
between genes and chromosomes in genetic algorithms. The gene indices of the initial
population correspond to the system node numbers, and the values of genes on the
chromosome represent the traveling wave unit allocation status of the respective nodes.

This method satisfies constraints through the constraint-dominance criterion, with
the judgment rules specified as follows: If both individuals are feasible solutions, the
original Pareto dominance rule of NSGA-II is adopted directly for comparison; If one
individual is feasible and the other is infeasible, the feasible solution is directly superior
to the infeasible one; If both individuals are infeasible, the individual with a smaller
constraint violation degree is deemed better.

After the initial population is determined, NSGA selects superior individuals on
the basis of non-dominated sorting stratification, crowding distance calculation, and the
elitist preservation strategy. A new population is generated through genetic operations,
and the iterative cycle proceeds until the termination criterion is met.

The flow chart of this method is shown in Figure 3.

Figure 3. Flowchart of hypothetical fault-based TWR configuration method.
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3. Results and discussion

3.1. Results of the TWR configuration scheme
The IEEE 30-bus system is illustrated in Figure 4, which consists of 57

transmission lines [32]. Utilizing the method described above, the configuration vector
X is obtained as X = [1]. In this vector, elements with a value of 1 indicate the nodes
where TWRs need to be installed, namely Nodes 2, 3, 5, 8, 11, 13, 14, 17, 19, 21, 26,
29, and 30. These nodes are marked by black solid circles in Figure 4.

Figure 4. Single-line diagram of the IEEE 30-node test system.

The standard IEEE 57-bus system comprises 78 transmission lines [33]. Through
calculation, the nodes requiring TWR configuration are determined as Nodes 3, 5, 16,
17, 21, 31, 33, 42, 43, 45, 46, 51, and 53, which are denoted by solid circles in Figure 5.

Figure 5. Single-line diagram of the IEEE 57-node test system.
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Compared with the IEEE 30-bus power system, the IEEE 57-bus system sees
a 90% increase in the number of buses and a 36.8% growth in the number of lines.
Nevertheless, only 13 buses need to be equipped with traveling wave recorders (TWRs),
which is equivalent to the configuration quantity of the IEEE 30-bus system. This
indicates that remarkable cost savings can be realized for power grids while achieving
full-network fault locatability, and further validates the effectiveness of the method
proposed in this paper.

Reliability and economic efficiency constitute conflicting objectives. Monitoring
a larger number of bus and line faults with an identical quantity of TWRs will inevitably
result in degraded reliability. In the subsequent sections, the two schemes will be
evaluated using the N-1 criterion.

Specifically, the N-1 criterion is a standard for judging the safety of power
systems [33]. In practical applications, TWRs may malfunction, leading to data errors
or loss, which increases the fault range in blind areas. Therefore, the N-1 analysis of
power grids is adopted to improve the reliability of fault ranging.

The fault measurable degree is defined as the ratio of the length of measurable
sections to the total length of system lines. If the fault measurable degree of the
system decreases significantly after a certain TWR is out of service, failing to meet
the requirements of practical engineering, a small number of additional configuration
points need to be added to enhance the system reliability. Meanwhile, the redundancy
of the system increases, and the economy of the configuration decreases.

It is assumed that the engineering requirement specifies that the fault measurable
degree should reach more than 95% after one TWR is out of service. The unmeasurable
sections (expressed as a proportion) and measurable degrees under the N-1 condition
are calculated by withdrawing each configured node separately, as shown in Table 1.

Table 1. The degree of observability for the IEEE 30-node system.

N-1 node Unmeasurable sections Fault measurable degree (%)

2 2-4 2-6 99.2
3 1-3 1-2 3-4 98.1
5 2-5 6-7 99.8
8 7-8 8-28 95.6
11 6-9 9-11 9-10 97.0
13 12-13 99.7
14 12-14 14-15 98.3
17 10-17 12-16 99.0
19 10-20 12-15 15-18 19-20 98.2
21 10-21 21-22 98.7
26 10-22 25-26 97.7
29 27-29 29-30 97.0
30 27-30 29-30 99.4

For the solution of the IEEE 30-bus system, evidently, when the device at any
node is out of service, the fault measurable degree is higher than 95%, meeting the
engineering requirements. However, the conclusion differs completely when the same
method is adopted for the IEEE 57-bus system, as shown in Table 2.
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Table 2. The degree of observability for the IEEE 57-node system

N-1 node Number of unmeasurable sections Length of unmeasurable sections (km) Fault measurable degree (%)

3 10 820.5 94.2
5 8 493 96.5
16 9 722 94.9
17 8 701.5 95.1
21 9 880 93.8
31 8 399.5 97.2
33 7 424 97.0
42 8 682 95.2
43 8 410 97.1
45 8 506 96.4
46 12 1,330 90.6
51 11 1,141 92.0
53 11 1,176 91.7

When certain critical nodes in the power network are rendered out of service due to
equipment maintenance, accidental faults, or operational scheduling, the overall system
fault measurable degree drops to below 95%, which directly fails to satisfy the strict
technical indicators and practical engineering requirements for power grid fault location.
It is a theoretically reasonable and practically common phenomenon that the system’s
N-1 reliability experiences a corresponding decline when the same number of TWR
units are assigned to monitor a larger number of transmission lines. This is because
the monitoring load borne by each TWR increases significantly, and the redundant
measurement coverage of the network is compressed, leading to a natural reduction
in the fault measurable degree under contingency conditions.

To address this reliability degradation issue and bring the system performance
back into compliance with engineering standards, a targeted iterative optimization
strategy can be adopted. Specifically, the N-1 nodes that suffer a substantial drop
in fault measurability can be defined as mandatory installation nodes and set to 1
in the constraint conditions of the allocation model. On this basis, the total number
of TWR configurations is increased by one unit, and the optimal allocation model
is re-run and recalculated. This cyclic constraint adjustment and re-optimization
process is repeated continuously until the fault measurable degree meets the predefined
engineering requirements.

The detailed calculation results summarized in Table 3 fully validate the
effectiveness of this improved strategy: the deployment of 18 TWRs can not only
meet the mandatory engineering requirements for fault measurable degree and N-1
reliability but also maintain a high level of economic efficiency in terms of equipment
investment and grid operation costs.

In addition, for practical engineering projects that place a higher priority on the
economic efficiency of TWR allocation and have strict cost control constraints, the
threshold requirement for the N-1 fault measurable degree can be appropriately relaxed
within a technically feasible range. This flexible adjustment can effectively reduce
the number of additional nodes requiring TWR configuration, enabling a customizable
trade-off between system reliability and deployment economy to adapt to diverse
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engineering application scenarios and planning objectives.

Table 3. The degree of observability for the IEEE 57-node system after recalculation.

N-1 node Length of unmeasurable sections (km) Fault measurable degree (%)

3 307 97.8
5 493 96.5
14 307 97.8
16 675 95.2
17 672 95.3
19 307 97.8
21 307 97.8
31 330 97.7
33 424 97.0
42 682 95.2
43 410 97.1
45 506 96.4
46 307 97.8
47 307 97.8
50 307 97.8
51 561.5 96.0
52 307 97.8
54 307 97.8

3.2. Analysis of fault location methods
The IEEE 30-bus system in Section 3.1 is established on PSCAD/EMTDC for

real-time detection of fault traveling waves. After phase-mode transformation, the
line-mode TWs are utilized for wave front detection, and the arrival time of the initial
TWs is recorded. The sampling frequency is set to 1 MHz, and the clock precision is
set to 10 ns.

First, in the field of power system fault traveling wave analysis, the three-phase
voltage traveling waves excited by actual fault disturbances are decoupled through the
Karenbauer transformation, which effectively uncouples the mutually coupled
electrical quantities into independent line-mode and zero-mode components.
Subsequently, the wavelet transform is introduced as a core signal processing
tool to precisely calibrate the arrival time of traveling wave fronts. Among
numerous candidate wavelet basis functions, the db6 wavelet transform outperforms
other common wavelet transforms in two critical aspects: it exhibits superior
time-domain locality for capturing transient abrupt signals and a higher degree of
energy concentration for fault-induced traveling wave components, which effectively
mitigates the attenuation effects of traveling wave signals during propagation. Given
these prominent advantages, the db6 wavelet is specifically selected as the dedicated
wavelet basis for conducting wavelet transform processing on both line-mode and
zero-mode traveling wave waveforms in this paper. Meanwhile, the high-frequency
decomposition part of the wavelet transform has a more significant effect on the
detection of abrupt signals; thus, the 1st layer of the high-frequency decomposition
part is used to calibrate the arrival time of line-mode and zero-mode wave fronts, with
the results shown in Figure 6.
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(a) Zero-mode waveform. (b) Line-mode waveform.

(c) Zero-mode wavelet decomposition. (d) Line-mode wavelet decomposition.

Figure 6. Calibration of the travelling wave line and zero-mode component wave head.

To comprehensively validate the fault location performance of the proposed
method, a series of random faults is intentionally generated across different
transmission lines in the test system, covering diversified fault locations and
common fault scenarios in actual power grid operation. Partial representative results
of the fault location tests are summarized in Table 4. Statistical analysis of the location
outputs shows that the average fault location error is controlled at 59 m, and the
maximum location error is merely 97 m. Such a low error level fully meets the strict
precision requirements of practical power system fault location engineering, and it
is evident that the proposed method presents outstanding and stable high-precision
location performance.

In addition, to further quantitatively verify the optimization effect of the proposed
algorithm on the TW velocity adopted for traveling wave fault location calculation,
a typical Phase A-ground fault is set at a position 30 m away from the reference
terminal on Line 6-9. On this basis, a set of comparative fault location calculations
is carried out by employing a series of different traveling wave velocities as the core
calculation parameter. The detailed location errors and corresponding analysis results
under different traveling wave velocity conditions are specifically presented in Table 5.
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Table 4. Partial random faults (fault location results).

Line Length (km) Actual fault location (km) Absolute error (m)

1 1-2 42 30 28
2 1-3 274 80 75
3 2-4 278 90 69
4 2-5 51 20 18
5 2-6 241 100 97
6 3-4 80 30 64
7 4-6 112 90 26
8 4-12 27 10 17
9 5-7 173 20 18
10 6-7 31 10 9

Table 5. Results of different simulations and calculation wave of velocity.

Simulation wave velocity (km/μs) Calculation wave velocity (km/μs) Absolute error (m)

0.2930

0.2927 57
0.2930 26
0.2933 83
0.2947 102
0.2950 107
0.2953 109
fitted wave velocity 28

0.2950

0.2927 132
0.2930 134
0.2933 130
0.2947 43
0.2950 25
0.2953 77
fitted wave velocity 32

The results clearly demonstrate that the selection of TW velocity serves as a
pivotal factor exerting a significant impact on the precision of fault location calculation
outcomes. Specifically, a distinct monotonic correlation is identified between the
preset computational wave velocity and the absolute location error: the more closely
the selected calculation wave velocity approximates the actual propagation velocity of
fault-induced traveling waves along transmission lines, the smaller the corresponding
absolute positioning error, which aligns with the fundamental theoretical mechanism
of traveling wave fault location.

Notably, when the chosen TW velocity deviates substantially from the real-world
propagation velocity, the absolute location error does not manifest a proportional
amplification trend alongside the degree of velocity deviation. This favorable
non-linear error characteristic arises because the inherent wave velocity information
embedded within the time difference matrix constructed from the measurement data
of remote TWRs exerts a critical constraining and compensating effect. Such implicit
wave velocity-related features effectively suppress the uncontrolled propagation and
accumulation of errors triggered by velocity mismatching, preventing excessive
degradation of location accuracy.
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Furthermore, when the TW velocity is additionally incorporated as an independent
optimization variable into the integrated fault location model, the adverse interference
caused by wave velocity uncertainty and deviation on the final location results can be
significantly mitigated. This variable-setting strategy enables the model to adaptively
match the actual traveling wave propagation velocity under diverse grid operating
conditions and line parameters, further enhancing the robustness and fault tolerance
of the proposed location method.

Additionally, the influence of the initial fault phase angle is also studied in this
paper. A phase A ground fault is set 10 km away from Node 9 on Line 9-10, with 9
groups of fault phase angles ranging from 10° to 90°. The conclusions are shown in
Table 6.

Table 6. Results of different fault initial phase angles.

Initial fault phase angle (°) Absolute error(m)

90 35
80 24
70 68
60 59
50 66
40 76
30 89
20 68
10 81

Specifically, extensive experimental validation confirms that the proposed fault
location method delivers superior high-precision positioning performance under large
initial fault phase angle conditions. Although the location accuracy shows a slight
decline when the initial fault phase angle is relatively small, the overall positioning
error still stays within a satisfactory, engineering-qualified range and ensures reliable
fault localization.

The intrinsic physical mechanism behind this phenomenon lies in the fact that the
amplitude of the fault-induced TW is essentially dominated by the additional potential
established at the fault point. When the initial phase angle of the fault voltage is small,
the abrupt amplitude of the generated traveling wave is inherently weak. After suffering
from unavoidable attenuation, waveform distortion, and electromagnetic interference
during its propagation along the transmission line, the faint traveling wave front
becomes significantly harder to accurately identify and extract by the deployed TWRs,
which accounts for the mild reduction in location accuracy.

In general, regardless of the variations in initial fault phase angles—covering both
small and large operating conditions—the fault location method proposed in this paper
maintains favorable robustness and positioning precision, and is capable of realizing
accurate and dependable fault location across different fault inception scenarios in
practical power grid operations.
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4. Conclusion

This paper proposes a fault location method based on hypothetical faults,
which can achieve accurate fault location, assist in judging whether the network is
measurable, and further design a planning and configuration model to realize the
optimal configuration of TWRs under the condition of full-network fault observability.

During the analysis of the economy and reliability of configurations, the N-1
requirement is difficult to formulate directly as a constraint. Therefore, an approach
was adopted that retains nodes with large unobservable areas after pruning and then
increases the number of configured nodes. However, this method may not be optimal.
Future research could explore ways to directly incorporate reliability constraints into
the model.

When analyzing fault location methods, the accuracy of wavefront calibration is
a key factor affecting positioning accuracy. In many cases, the increase in errors stems
from the degradation of wavefront calibration accuracy. Future studies may focus on
developing more precise wavefront calibration methods.
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