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ABSTRACT: With the evolution of DC distribution networks from traditional radial topologies to more complex
multi-branch structures, the number of measurement points supporting synchronous communication remains rel-
atively limited. This poses challenges for conventional fault distance estimation methods, which are often tailored
to simple topologies and are thus difficult to apply to large-scale, multi-node DC networks. To address this, a fault
distance estimation method based on sparse measurement of high-frequency electrical quantities is proposed in this
paper. First, a preliminary fault line identification model based on compressed sensing is constructed to effectively
narrow the fault search range and improve localization efficiency. Then, leveraging the high-frequency impedance
characteristics and the voltage-current relationship of electrical quantities, a fault distance estimation approach based
on high-frequency measurements from both ends of a line is designed. This enables accurate distance estimation even
when the measurement devices are not directly placed at both ends of the faulted line, overcoming the dependence
on specific sensor placement inherent in traditional methods. Finally, to further enhance accuracy, an optimization
model based on minimizing the high-frequency voltage error at the fault point is introduced to reduce estimation error.
Simulation results demonstrate that the proposed method achieves a fault distance estimation error of less than 1%
under normal conditions, and maintains good performance even under adverse scenarios.

KEYWORDS: DC distribution network; fault location; compressed sensing; fault distance estimation; high-frequency
electrical quantities

1 Introduction

The rapid development of renewable energy and power electronics technologies has led to increasing
penetration of new energy sources and modern loads in power grids, thereby challenging the hosting capacity
of traditional AC distribution networks. In contrast, DC distribution networks demonstrate significant
advantages through high-efficiency power transmission, conversion capabilities, and seamless integration
with renewable energy and energy storage systems [1-3]. However, DC systems face a critical challenge:
the rapid rise of fault currents with complex characteristics, which poses substantial threats to system
reliability [4]. Consequently, rapid and accurate fault localization in DC distribution networks becomes
essential for fault isolation and system restoration [5].

Existing fault location methods for DC distribution networks can be divided into two categories
based on their accuracy attributes and functional requirements: Fault section location and fault distance
estimation [6].
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The fault section location involves determining the specific line segment or region where the fault
occurs. The goal is to quickly identify and isolate the fault area, ensuring the restoration of power to non-fault
areas and the stable operation of the system. This technology is mainly divided into two types: passive and
active. The passive section location constructs a discrimination model based on the characteristics generated
during a fault to locate the fault section. Reference [7] implements section judgment through analysis of the
energy polarity of DC current signals; Reference [8] proposes a frequency-hopping discrete Fourier trans-
form algorithm to identify DC microgrid faults based on bus current harmonic characteristics; Reference [9]
uses multi-band zero-mode current fuzzy entropy and zero-mode current concavity fluctuation features for
radial distribution network monopole fault feeder identification. For large-scale, complex topological DC
distribution networks with limited measurement point configurations, Reference [10] employs compressed
sensing technology for bipolar short-circuit fault location. Active fault section localization, on the other
hand, is achieved by injecting signals and analyzing the responses. For example, this can involve changing
the MMC (Modular Multilevel Converter) control strategy [11] and injecting square waves, injecting fault
detection signals and measuring currents at specific frequencies at both ends of the line [12], or using dual
active bridge converters [13] to inject specific frequency harmonics for fault section location.

Fault distance estimation is used to determine the distance between the fault point and a reference
point. The aim is to reduce fault troubleshooting time and improve power supply reliability. The research
methods for fault distance estimation in DC distribution networks can be divided into three types: wave-
based methods, injected signal-based methods, and fault transient information analysis methods. The
wave-based method estimates fault distance based on the time difference and wave speed of fault transient
waves propagating along the line. Some literature uses improved gray correlation analysis [14] and high-
pass filtering algorithms [15] to improve the accuracy of distance estimation. The injected signal method
involves injecting additional signals and analyzing their propagation information to perform distance
estimation. For instance, Reference [16] uses a probe unit to generate voltage signals of arbitrary amplitude
and frequency to locate faults, while Reference [17] utilizes MMC active signal injection and constructs
parameter identification equations for fault localization. Fault analysis methods involve detecting electrical
data and solving the fault location through circuit equations, such as calculating transient energy for
distance estimation [18] or using the least squares method [19] to estimate the line resistance to the fault
point and compare it to the actual line resistance to calculate the fault location. With the development of
machine learning technology, this technology is also applied in the field of fault ranging in DC distribution
networks [20]. Reference [21] utilizes the feature matrix to train the LSTM model to achieve fault ranging in
DC microgrids.

In summary, current fault section localization and fault distance estimation methods for DC distribution
networks are predominantly limited to systems with relatively simple network topologies. Considering
the constraints of cost-effectiveness and practicality, it is often infeasible to deploy measurement devices
comprehensively across all nodes or lines in large-scale and topologically complex DC distribution networks.
This significantly limits the direct applicability of many existing methods in such networks. Although
certain localization techniques based on compressed sensing can achieve fault section identification under
sparsely deployed measurement configurations, their accuracy remains insufficient to meet the stringent
requirements of fault distance estimation. Therefore, realizing accurate fault distance estimation in large-
scale DC distribution networks with complex topologies and sparse measurement configurations remains a
critical challenge that needs to be addressed.

To tackle this issue, this paper proposes a fault localization method for DC distribution networks based
on sparsely sampled high-frequency electrical quantities. The main contributions are as follows:
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(I)  Accurate fault distance estimation is achieved for multi-node, complex-topology DC distribution
networks under limited measurement node deployment conditions.

(2)  Afaultlocalization model is constructed within the compressed sensing framework, and a Pearson cor-
relation coeflicient-based generalized orthogonal matching pursuit algorithm (PGOMP) is proposed,
significantly improving the accuracy of faulted line identification.

(3) A fault distance estimation method based on high-frequency electrical quantities at two remote
terminals is developed, enabling distance estimation even when measurement nodes are not directly
installed at both ends of the faulted line.

(4) A fault distance optimization model is introduced based on the minimum error in high-frequency
voltage at candidate fault points, effectively reducing localization error and improving estimation
accuracy.

The remainder of this paper is organized as follows: Section 2 briefly reviews conventional short-circuit
fault distance estimation principles. Section 3 describes the proposed method for locating short-circuit faults
in DC distribution networks. Section 4 introduces the dual-terminal-based fault distance estimation method
and the fault distance optimization model. Section 5 presents simulation-based validations.

2 Analysis of Fault Characteristics in DC Distribution Networks

When a short-circuit fault occurs in a DC distribution network, the voltage at the fault point exhibits
step characteristics, and the fault signal contains full-frequency domain information. Fig. 1 shows the time-
frequency characteristics of the fault voltage. In the low-frequency band, the amplitude is larger but exhibits
stronger nonlinearity and poorer stability. Conversely, in the high-frequency band, the amplitude variation
is smaller with superior stability. Therefore, high-frequency band information is adopted for fault distance
estimation [10,22].
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Figurel: Time-frequency characteristic diagram of voltage sag during short-circuit fault, (a) fault voltage time domain
waveform, and (b) fault voltage spectrum diagram

As shown in Fig. 2, the equivalent additional network of a short-circuit fault in a DC distribution
network can be modeled as a high-frequency signal source injected at the fault point, containing rich multi-
frequency components. To simplify the analytical process, this paper selects a specific frequency f; as the
analysis target (subsequent parameters related to high-frequency electrical quantities will be characterized
based on this frequency component).

In Fig. 2, Ur represents the fault source high-frequency voltage, Zj;, is the equivalent impedance of the
DC line, Z is the equivalent impedance of the converter, and x is the fault distance, i.e., the proportion of

the fault point’s distance from the reference node along the total length of the line. Ug,, and Ug, represent
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the fault high-frequency voltages on buses By, and B, respectively. I,, and I,,, represent the fault high-
frequency current injected from the fault signal source towards buses B, and B,,, respectively.
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Figure 2: High-frequency additional network diagram for short-circuit fault

The relationship between high-frequency electrical quantities and the fault distance is expressed
by Eq. (1) in Fig. 2. Given the high-frequency voltage measurements Ug,, and Ug, at adjacent nodes, and the
fault high-frequency current injected into the line, the fault distance x can be calculated using Eq. (2), which
enables fault distance estimation.

Upm + XIpmZiine = Ur )
Upn + (1= %) IgnZiine = Ur
_ UBn - UBm + IBnZline (2)

(IBn + IBm) Zline

When this method is applied to a multi-node complex DC distribution network, high-frequency
measuring devices must be installed at each node to perform fault distance estimation. However, due to
the cost and practical limitations of equipment deployment, it is challenging to equip the entire network
with measurement devices. This presents a technical challenge for fault distance estimation across the entire
network. Therefore, this study will further discuss in subsequent sections how fault distance estimation can
be achieved for a multi-node complex DC distribution network under conditions where the number of
measurement devices is limited.

3 Fault Line Localization Method in DC Distribution Network

The localization of fault lines is a prerequisite for obtaining the electrical quantity information at both
ends of the faulted line to achieve fault distance estimation. This section will explore how to accurately locate
the faulted line in a DC distribution network under sparse measurement point configurations, based on
compressed sensing technology.

3.1 Voltage Equation of the Fault High-Frequency Component Node

As shown in Fig. 3, the fault point in a DC distribution network short circuit can be considered as a
fault high-frequency current source. Z is the converter’s high-frequency equivalent impedance, Zjy is the
line’s high-frequency equivalent impedance, and If is the injected high-frequency fault current source [10].

But when a fault occurs on the line between nodes i and k in the distribution network, the fault cannot be
directly represented by the high-frequency current vector I at the nodes. Therefore, the fault current source
on the line is equivalently transferred to the two adjacent nodes, as illustrated in Fig. 4.

The fault line localization method is based on the node high-frequency voltage equation. Consider a DC
distribution network system with N nodes, where only M nodes (M < N) are equipped with measurement
devices under a sparse measurement configuration. Based on the dominant imaginary part characteristic
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of the system impedance under high-frequency conditions, the absolute value fault high-frequency node
voltage equation can be established as follows [23].
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Figure 4: Equivalent network diagram for line fault analysis

In the equation, the high-frequency fault current vector Iyy; is the unknown quantity to be solved,
If; and Iy; represent equivalent injected current values, which determine the fault lines in the distribution
network. The high-frequency fault voltage vector U4 constitutes known measured quantities. Z;; denotes
the high-frequency self-impedance at node i. Z;; represents the high-frequency mutual impedance between
nodes i and j.

Eq. (4) represents an underdetermined system of equations, which will have an infinite number of
solutions. Therefore, compressed sensing techniques are required to solve this underdetermined system in
order to obtain a sparse solution and locate the faulted line.

3.2 Fault Line Localization Method Based on Compressed Sensing

The sparse representation problem in compressed sensing involves reconstructing the target signal b
using the compressed signal Y and the observation matrix A through a reconstruction algorithm [24].

y=A-b+e (5)
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InEq. (5): y € RM represents the observation vector, A € RM*N (M << N) represents the sensing matrix,
beRY represents the sparse vector, e € RY represents noise.

To locate short-circuit fault lines in DC distribution networks using compressed sensing methods, the
model in Eq. (6) can be established:

b = argmin {[ - Abl} + p 0]} (6)

In this equation, y, A, and b refer to the fault high-frequency voltage vector, the impedance matrix, and
the fault high-frequency current vector in the fault line localization method, respectively.

The sensing matrix used in this paper is the node impedance matrix, where columns exhibit strong
correlations. This necessitates a reconstruction algorithm with high discriminative capability. Therefore,
the Pearson correlation coefficient is introduced to replace the inner product used in the greedy iterative
algorithm of traditional compressed sensing, representing the similarity between the atom ¢; and the residual
signal r for improved matching. The expression is given as follows:

pec(gir) = ZW!“@Z(&-—?) :
VE(pi-9)’ (i -7)

The steps of the proposed PGOMP are as follows:

(7)

Step 1: Given the sensing matrix A, initialize the residual ) = y, the atom set Sy = &, and set the iteration
count to ic = 1. Select 2 atoms per iteration (corresponding to two equivalent fault current sources in the
event of a line fault) and set the iteration termination threshold &.

Step 2: Compute the Pearson correlation coefficients between the residual r;, and each atom in the
sensing matrix A. Select the 2 atoms ¢; with the highest Pearson correlation coefficients and add them to the
atom set S;., updating S;. = S;c—, U {@;}.

Step 3: Compute the sparse vector b;. = (AI-TCAI-C)_1 AiTc y, where A ;. is the submatrix of S;. formed by
the selected columns.

Step 4: Compute the new residual vector r;. = y — A bje.
Step 5: If the iteration error reaches the predefined threshold, output the reconstructed vector.

Based on the above compressed sensing algorithm, fault line location is achieved by solving the node
fault high-frequency voltage equation through the following steps:

(1)  Construct the high-frequency impedance matrix according to the DC distribution network topology
and line parameters, and obtain the measurement matrix Z«y based on the sensor placement
configuration.

(2)  Use wavelet transform to extract the high-frequency voltage signal U« from the measurement points
during a 2 ms fault period.

(3) Input sets of Uy, into the compressed sensing algorithm, reconstruct the high-frequency fault
current vector; Iyx;, and analyze the results. The fault line is located by selecting the two largest
reconstructed values.
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4 Fault Distance Estimation in DC Distribution Networks Based on Dual-Terminal High-Frequency
Electrical Quantities

After locating the faulty line, the high-frequency voltage and current values at the line’s terminal
nodes can be indirectly acquired using high-frequency electrical quantities from upstream and down-
stream measurement points, combined with high-frequency impedance characteristics and voltage-current
relationships. This enables fault distance calculation, thereby achieving fault distance estimation in DC
distribution networks.

4.1 The Theory of Fault Distance Estimation in DC Distribution Networks

When a fault occurs on a line in the grid, the high-frequency fault signals propagate as shown in Fig. 5.
In this figure, Zj;,. represents the high-frequency impedance of the line, Z. ; is the equivalent ground
component impedance of the faulted network at node i, and N; refers to node i. Ur is the voltage generated
by the fault source at the fault point.

Ng+ Nk Nk Num Nyt

Ukl Yex (1) Zine & ug Ziine -1 UK-1 Zine M U\ Zine a1 UM-]
oo oo <

Figure 5: High-frequency signal propagation diagram for fault analysis in the DC distribution network

In Fig. 5, if the fault occurs on line line_K and the measurement devices are installed at nodes Ng
and Nk, high-frequency electrical quantities such as ix+1, ik, 4k and ux,; can be directly obtained. Fault
distance estimation can then be performed using Eq. (2). However, it is not guaranteed that the faulted line
endpoints coincide with the measurement nodes. In this case, the high-frequency voltages and currents
from the measurement nodes need to be used to indirectly estimate the electrical quantities at the faulted
line endpoints.

For the fault scenario shown in Fig. 5, if the measurement device is installed at node Ny;_;, the high-
frequency fault current i\—; through line_M-1 and the fault high-frequency voltage uy—; at node Ny—; can
be obtained. Based on this, the fault high-frequency voltage u at the upstream node Ny of node Ny;_; and
the fault current i\ through the upper-level line line_M can be estimated as follows:

Upm = Up-1+ Ziine M—-1irM-1 (8)

Up-1+ ZLiine M-1irM-1

Irm = lppmo1 + (9)
r r 1 ZC_M
By rearranging Eqs. (8) and (9), the following equation is obtained:
1 Zline_M-1
Upm - Up-1 UM-1
[ . ] = 1 Zline?M—l [ . ] = ®M[ . ] (10)
lrM 1+ 1rM-1 1rM-1

Zc m Zc M
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Therefore, when the fault high-frequency current and voltage of the current-level line and node are
known, the fault high-frequency current and voltage of the upstream line and node can be recursively
obtained using Eq. (10), thereby indirectly obtaining i,x and ux, as shown in Eq. (11):

K-1
=TT e (1)
1K i=M LrM-1

As shown in Fig. 5, based on the high-frequency electrical quantities i,x and ux measured on the

right side of the fault point, the expression for the fault source high-frequency voltage, derived from the
downstream high-frequency electrical quantities, is given by Eq. (12).

U}i (X) =ug + (1 - x)irKZline (12)

Similarly, by considering the high-frequency fault current 7k flowing leftward through line line_K and
the fault high-frequency voltage ux,; at node Nk, the fault source high-frequency voltage can be calculated
using the upstream measurement node’s high-frequency voltage and current data following a principle
similar to that of Eq. (11). Thus, based on the fault point’s high-frequency electrical quantities ix and ux.1,
as well as the data from the upstream measurement node, the fault source high-frequency voltage can be
estimated, as shown in Eq. (13).

Uf (x) = uks1 + Xiika1 Zline (13)

By computing the high-frequency electrical quantities from either the upstream or downstream lines
and nodes, the theoretical values of the fault source high-frequency voltage should be consistent, which
enables the fault distance x to be determined using Eq. (14).

Uf (x) = U (x) (14)

Fig. 6 illustrates the theory of the fault distance estimation method. Thus, by utilizing the fault high-
frequency voltage and high-frequency current measured by a limited number of devices installed on the
DC distribution network, and given that the system parameters are known, precise localization of the DC
distribution network short-circuit fault point has been achieved.

4.2 Fault Distance Estimation Optimization Algorithm Based on Minimum Fault Point High-Frequency
Voltage Error

Normally, the fault distance x; calculated at each time point ¢ using the aforementioned method should
be equal. However, due to the interference of background harmonics and measurement noise, errors exist
between x; and the true fault distance. To reduce these errors, this paper employs data from multiple time
points to calculate the fault distance and performs a comprehensive analysis of the resulting sets to obtain
an optimal solution, thereby achieving precise fault distance estimation. The specific steps are as follows:

(1)  Acquisition of Multiple Sets of Fault Distances: Based on the faulted line localization results, the two
corresponding measurement points from the upstream and downstream sides are selected, and their
high-frequency voltage and current data are extracted for each time point during the 2 ms fault period.
Then, using the method described in Section 3.1, L sets of fault distance values x; are obtained for each
time point .

(2) Elimination of Outlier Fault Distances: Given that the fault distance results within the time window
should be similar and distributed near the actual fault distance, the Z-score method is applied to
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identify and remove outliers from the multiple sets of distance measurements, thereby reducing their
influence on the overall result. The Z-score is calculated using Eq. (15):

Zsc,t = M (15)

Ox

where the L sets of fault distances are denoted by X = [x1, x2, X3, - -+, X1 |, Zsc,; is the Z-score of x;, yy
is the mean of X, and oy is the standard deviation of X.

Fault Distance Estimation

Calculation based on upstream Calculation based on downstream
node to fault point node to fault point

Measured Calculated Calculated Measured

value value u d value value
Ut =Utm
i l,fu,n 1 U N . Up | Udm |
fum | if ip ! dgm !
e b U: il il
.\ . . X f 1-x . .-.’.".
Num ®cccee N g]? Np Nam

i Select the upstream and

P downstream measurement
nodes of the faulty line

Faulty line
Multi-node DC distribution network

Figure 6: Schematic diagram for fault location based on dual-terminal high-frequency electrical quantities

For each x;, the Z-score is computed; if the corresponding Z-score satisfies |Z;. | > th (th is a preset
threshold), then x; is deemed an outlier and is removed. After filtering, a total of P (P < L) sets of fault
distances that meet the criteria are retained.

(3) Optimization of Fault Distance Estimation Based on Minimum Fault Point High-Frequency Voltage
Error: Incorporating the high-frequency electrical quantities corresponding to the P sets of fault
distances at their respective time points, an optimization formula for fault distance estimation based
on the minimum fault point high-frequency voltage error is proposed, as shown in Eq. (16):

¢ (x) = argmin Z ‘(U}‘_t (x) - Uj‘f_t (x))‘ (16)

t=i
In Eq. (16), Uf , (x) represents the fault source high-frequency voltage U} (x) at time ¢ calculated
using Eq. (13), and U}i_ . (x) represents the fault source high-frequency voltage UJ‘? (x) at time ¢ calculated
using Fq. (12).
Eq. (16) comprehensively integrates the high-frequency electrical quantities from the remaining effec-
tive time points to compute the fault distance, thereby yielding the most accurate distance estimation. The

optimized result from Eq. (16) is then output as the final fault distance estimation, completing the fault
distance estimation process.
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4.3 Fault Distance Estimation Flow

The flowchart of fault distance estimation is shown in the Fig. 7. And the fault distance estimation
method for DC distribution networks based on sparse high-frequency measurements is as follows:

(1)  Fault Line Localization: Extract high-frequency voltage data from all measurement points during the
2 ms fault period. Then, apply compressed sensing theory to solve Eq. (3) to locate the short-circuit
fault line.

(2) Distance Candidate Generation: Select the nearest upstream and downstream measurement points of
the fault line. Extract their high-frequency voltage and current data at each time point within the 2 ms
window. Using these data, calculate L sets of fault distances according to Eqs. (11)-(14).

(3) Optimal Distance Determination: Compute the Z-score values of the L sets of fault distances and
compare them with a preset threshold to filter out P sets of valid fault distances. Select the high-
frequency electrical quantities corresponding to these valid fault distances at each time point. Then,
perform optimization using Eq. (16) to obtain the final estimated fault distance x;.

Start
[ = —— e — ; ____________________ —.

i According to the measurement point, the high-frequency impedance
matrix is constructed, and the perception matrix 4 is constructed |

| | Obtain high frequency voltage data within 2ms of measuring device |
fault.Its high-frequency components were extracted to form L group

observation signals Uy x;

4
The input voltage vector Uy, x; and the corresponding fault high
| frequency current vector /y x; are reconstructed by compressed I
sensing algorithm

| Analyze the reconstruction results, positioning faulty line.

According to the line where the fault is located, the nearest . |

| measuring device is selected, and the high-frequency voltage |

and current data of each time point measured by the device : |
within 2ms of the fault are extracted.

| According to the high-frequency voltage and current data at
| each time point, according to Eq. (10 - 14)The total L group

| fault distance xt at each time point is obtained.

For the L-group distance x,, Z-score values Z,,., are
i | calculated successively.

| I Discard the
‘| rcorresponding
[ b

! Until the fault distance x, of the total P group meeting the
I | requirements is selected, the high frequency electrical
L volume at the corresponding time point meeting the

| | requirements is input into the optimization model

uoynjos

| corresponding to Eq.16 to solve the problem

i The fault distance x/is output as the accurate positioning . |
: result of short circuit fault point. |

Figure 7: Schematic diagram for fault location based on dual-terminal high-frequency electrical quantities
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5 Example Analysis
5.1 DC Distribution Network Simulation Model

To validate the correctness and effectiveness of the proposed fault distance estimation method in multi-
node complex-topology DC distribution networks, an IEEE 33-node DC distribution system shown in Fig. &
was implemented on the PSCAD simulation platform. This system achieves flexible AC/DC interconnection
through a Modular Multilevel Converter (MMC). Photovoltaic (PV) units and DC loads are connected to
the network via DC transformers, while AC loads are integrated through Voltage Source Converters (VSCs).
Detailed parameters of lines and converters are provided in Table 1.

NIS NI9 N20 N2I N22 N23 N24

30,

N8 N9 NI0O NIT NI2 NI3 NI4 NI5 NI6 N17

N25  N26  N27 N8 N29 N3O ON3LON32 vMcs

{/,\\) Measurement Points O Nodes with Photovoltaics Access by DC transformer
Lines . Nodes with Load Access by DC transformer/VSC

' Nodes with AC Systems Access by MMC

Figure 8: The improved IEEE 33-Node simulation system

Table 1: Parameters pertaining to the DC distribution network

System parameters Values
Rated DC voltage/kV +10
Clamp double sub-module modular ACI0 kV/DC £ 10 kV
multilevel converter (CDSM-MMCQC)
DC transformers (DCT) DC + 10 kV/DC750 V
Voltage Source Converter (VSC) AC £10kV/DC £ 10 kV
Number of converter levels 10
MMC bridge arm inductance/mH 1.0
DC transformer capacitance/uF 3.0
Line inductance/(mH-km™) 0.78575
Line resistance/(Q-km™) 0.75
Line capacitance/(pF-km™) 1.245107°

In this study, measurement devices are deployed at a total of 9 nodes as illustrated in the figure. These
devices are capable of measuring high-frequency voltage at the nodes and high-frequency current on adjacent
lines, thereby fulfilling the requirements of the proposed method. During the fault localization process, the
extracted high-frequency signals operate at 1500 Hz, with a data sampling frequency of 10 kHz.
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5.2 Verification of Fault Distance Estimation Method

To accurately evaluate the performance of the fault distance estimation method proposed in this paper,
the relative error § the fault distance is defined as follows:

5= Xreal _Lxcalculate % 100% (17)
en

where: X,cyal is the actual fault distance, Xcqjculation i the estimated fault distance, and Len is the total length
of the line.

To validate the proposed fault distance estimation method, a pole-to-ground fault with a transition
resistance of 0.1 Q) was set at a relative distance of 0.4 from node i on line Lz(_31.

First, the faulted line is determined by extracting the high-frequency voltage data from all measurement
points in the DC distribution network during the fault period, and by using compressed sensing techniques
to reconstruct the fault high-frequency current vector within a 2 ms window. As shown in Fig. 9, the
reconstructed high-frequency current vector exhibits significantly high values at node numbers 30 and 31,
from which the faulted line Lsq_3; is identified.

0.025 —
0.02 —
0.015 —
0.01 —

0.005 —

High frequency current amplitude (kA)

Node number

Figure 9: Reconstructed Current Vector for the fault on line L3¢_3;

Next, based on the determined faulted line, the two measurement nodes closest to the upstream and
downstream ends—nodes 28 and 32—were selected. The fault high-frequency voltage and current data
extracted from these two nodes were then used to perform dual-end fault distance estimation. During the
fault of line L3o_3; (the fault starts at t = 1 s), the waveforms of the absolute values of fault high-frequency
current and voltage measured by measuring nodes 28 and 32 are shown in Fig. 10.

Subsequently, based on the measured fault high-frequency voltage and current at each time point, the
fault distance was estimated using the fault distance estimation method proposed in this paper, yielding L
groups of fault distance values. The Z-score for each fault distance was also calculated. The fault distances
computed at each time point are illustrated in Fig. 11, where the fault distances marked in red correspond to
Z-score values that exceed the preset threshold.

Finally, by filtering out the valid fault distance data corresponding to the time points and inputting them
into the minimum error-based fault distance model for resolution, a fault distance of 0.3961 was obtained,
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with a relative error of only 0.39%. This experimental result validates the effectiveness and accuracy of the
proposed fault distance estimation method.

The high frequency voltage The high frequency current The high frequency voltage The high frequency current
measured at node 32 0.05 measured at node 32 s measured at node 28 0.05 measured at node 28
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(@) (b) ©) (d)
Figure 10: Reconstructed current vector for the fault on line Ls_3;. Among them, (a,b) respectively show the high-

frequency voltage and high-frequency current waveforms measured at node 32 during the fault period, (¢c,d) respectively
show the high-frequency voltage and high-frequency current waveforms measured at node 28 during the fault period
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Figure 11: Calculated fault distances at various time points

5.3 Fault Location Results under Different Influencing Factors
5.3.1 Impact of Different Faulted Lines

To validate the feasibility and accuracy of the fault distance estimation method proposed in this paper
across various regions of the DC distribution network, short-circuit faults with a transition resistance
of 0.1 O were imposed on representative lines in each region at different positions X,ctya = 0.2, 0.4, and 0.6
for performance validation. The fault distance estimation results are shown in Tables 2 and 3. (Fault distance
refers to the relative distance from the fault point to node i on the faulted line L;_;).

Tables 2 and 3 present the fault distance estimation results for four lines in the DC distribution network
under short-circuit fault conditions. Among them, Line L,,_,3 exhibits a smaller estimation error due to
the closer proximity of its terminal nodes to the measurement nodes. This phenomenon indicates that the
estimation accuracy is influenced by the distance between the measurement points and the faulted line.
Notably, the proposed algorithm consistently maintains a relative estimation error within 1% across different
faulted lines, demonstrating its high accuracy in fault distance estimation.
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Table 2: Fault distance estimation results for pole to ground fault on different faulty lines

Faulted line Actual fault distance Estimated fault distance Relative error (%)

0.2 0.1945 0.55
L s 0.4 0.3963 0.37
0.6 0.6041 0.41

0.2 0.1918 0.82

Lisis 0.4 0.3908 0.92
0.6 0.6094 0.94

0.2 0.2027 0.27

Lo 23 0.4 0.4029 0.29
0.6 0.5982 0.18

0.2 0.2063 0.63

Lso_31 0.4 0.3961 0.39
0.6 0.5968 0.32

Table 3: Fault distance estimation results for pole to ground short circuit on different faulty lines

Faulted line Actual fault distance Estimated fault distance Relative error (%)

0.2 0.1948 0.52

Ly s 0.4 0.3974 0.26
0.6 0.6051 0.51

0.2 0.1929 0.71

Lis1s 0.4 0.3902 0.98
0.6 0.6083 0.83

0.2 0.1979 0.21

Lo 23 0.4 0.3981 0.19
0.6 0.5985 0.15

0.2 0.1959 0.41

Lso_31 0.4 0.4027 0.27
0.6 0.6044 0.44

5.3.2 Influence of Different Transition Resistors

To verity the proposed fault distance estimation method’s tolerance to transition resistance, tests were
conducted using different values of transition resistance. The estimation results are presented in Tables 4
and 5.

As evidenced by the results presented in Tables 4 and 5, it can be seen that the distance measurement
scheme proposed in this paper can still accurately and reliably calculate the fault location even with transition
resistance. As the transition resistance increases, the relative error tends to increase. This is because the
increase in transition resistance will reduce the degree of voltage drop at the fault point, thereby reducing
the equivalent high-frequency fault characteristics.
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Table 4: Fault distance estimation results for pole to ground short circuit on different faulty lines

Faulted line Actual fault Transition Estimated fault  Relative error
distance resistances (Q) distance (%)

0.2 1 0.1943 0.57

L, ; 0.2 5 0.1937 0.63
0.2 20 0.1902 0.98

0.4 1 0.3965 0.35

L ;3 0.4 5 0.3959 0.41
0.4 20 0.3921 0.79

0.6 1 0.5963 0.37

Lso_31 0.6 5 0.5952 0.48
0.6 20 0.5895 1.05

0.8 1 0.8032 0.32

L3o-31 0.8 5 0.8059 0.59
0.8 20 0.8101 1.01

Table 5: Fault distance estimation results for pole to ground short circuit on different faulty lines

Faulted line Actual fault Transition Estimated fault  Relative error
distance resistances (Q) distance (%)

0.2 1 0.1944 0.56

L35 0.2 5 0.1939 0.61
0.2 20 0.1913 0.87

0.4 1 0.3978 0.22

L, 0.4 5 0.3974 0.26
0.4 20 0.3911 0.89

0.6 1 0.6046 0.46

L3o-31 0.6 5 0.6061 0.61
0.6 20 0.6112 1.12

0.8 1 0.8025 0.25

L3o-31 0.8 5 0.8046 0.46
0.8 20 0.8095 0.95

In addition to the existing results, supplementary fault distance estimation experiments were conducted
on 48 equidistant points (divided into five sections) across 12 lines between nodes N; -N5 and N5—-N3,. Faults
were simulated under different transition resistances. The results are shown in Tables 6 and 7.
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Table 6: Pole-to-ground faults data and statistical analysis under different resistances

Resistance Actual Mean = Std. of estimated 95% confidence interval  Mean error

(Q) distance distance (%)

0.2 0.1992 £ 0.0028 [0.1976, 0.2008] 0.58

] 0.4 0.3985 + 0.0031 [0.3966, 0.4004] 0.34

0.6 0.6017 + 0.0035 [0.5995, 0.6039] 0.35

0.8 0.7989 + 0.0029 [0.7973, 0.8005] 0.33

0.2 0.1984 + 0.0056 [0.1950, 0.2018] 0.62

5 0.4 0.3952 + 0.0061 [0.3915, 0.3989] 0.42

0.6 0.6053 + 0.0068 [0.6012, 0.6094] 0.47

0.8 0.7968 + 0.0059 [0.7933, 0.8003] 0.61

0.2 0.2037 + 0.0112 [0.1975, 0.2099] 0.95

20 0.4 0.3924 + 0.0125 [0.3851, 0.3997] 0.85
0.6 0.6145 + 0.0138 [0.6063, 0.6227] 1.13

0.8 0.7852 + 0.0119 [0.7785, 0.7919] 1.02

0.2 0.2079 + 0.0187 [0.1973, 0.2185] 1.65

50 0.4 0.4083 + 0.0203 [0.3968, 0.4198] 1.56
0.6 0.6238 + 0.0221 [0.6112, 0.6364] 1.71

0.8 0.8126 + 0.0195 [0.8019, 0.8233] 1.67

0.2 0.2154 + 0.0264 [0.2006, 0.2302] 2.70

100 0.4 0.4287 + 0.0289 [0.4128, 0.4446] 2.85
0.6 0.6392 + 0.0316 [0.6211, 0.6573] 4.16

0.8 0.8261 + 0.0273 [0.8113, 0.8409] 2.93

Table 7: Pole-to-pole faults data and statistical analysis under different resistances

Resistance Actual Mean + Std. of estimated  95% confidence Mean error (%)

(Q) distance distance interval

0.2 0.1989 + 0.0025 [0.1974, 0.2005] 0.65

] 0.4 0.3971 + 0.0039 [0.3948, 0.3994] 0.62

0.6 0.6052 + 0.0043 [0.6026, 0.6078] 0.52

0.8 0.8037 £ 0.0031 [0.8019, 0.8055] 0.37

0.2 0.1978 + 0.0067 [0.1943, 0.2013] 0.83

5 0.4 0.3946 + 0.0072 [0.3909, 0.3983] 0.78

0.6 0.6089 + 0.0081 [0.6045, 0.6133] 1.02

0.8 0.8073 + 0.0065 [0.8038, 0.8108] 0.73

0.2 0.2045 + 0.0149 [0.1969, 0.2121] 1.95

20 0.4 0.3892 + 0.0163 [0.3808, 0.3976] 2.08

0.6 0.6135 + 0.0152 [0.6059, 0.6211] 1.84

0.8 0.8157 + 0.0138 [0.8085, 0.8229] 1.57

0.2 0.1869 + 0.0251 [0.1742, 0.1996] 3.12

50 0.4 0.3824 + 0.0278 [0.3685, 0.3963] 2.94

0.6 0.6248 + 0.0283 [0.6102, 0.6394] 4.13

(Continued)
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Table 7 (continued)

Resistance Actual
Q) distance

Mean =+ Std. of estimated

distance

95% confidence
interval

Mean error (%)

0.8
0.2
0.4
0.6
0.8

100

0.8291 + 0.0245
0.1726 + 0.0427
0.3695 + 0.0453
0.6372 + 0.0481
0.8429 + 0.0396

[0.8167, 0.8415]
[0.1508, 0.1944]
[0.3456, 0.3934]
[0.6113, 0.6631]
[0.8229, 0.8629]

291
5.88
6.42
6.20
4.29

5.3.3 Influence of Different Noise

The data collected by simulation models is under ideal operating conditions, but in actual engineering

operations, the collected data is inevitably mixed with noise of different components, which can affect the

fault location results. This article added a certain degree of Gaussian white noise to the simulated sampling

data of faultline L;¢-1;, and set the noise intensity signal-to-noise ratio to 50-30 dB. The fault location results

and positioning errors are shown in Tables 8 and 9.

Table 8: Fault distance estimation results for pole to ground fault on different noises

Noise (dB) Actual fault distance

Mean = Std. Dev.

95% confidence interval

Mean error (%)

0.2
0.4
0.6
0.8
0.2
0.4
0.6
0.8
0.2
0.4
0.6
0.8

30

40

50

0.2172 + 0.0052
0.4159 + 0.0078
0.5867 + 0.0095
0.8148 + 0.0113
0.1918 + 0.0031
0.4106 + 0.0047
0.5909 + 0.0059
0.8112 + 0.0064
0.2065 + 0.0013
0.4034 + 0.0021
0.5968 + 0.0028
0.8027 + 0.0033

[0.2141, 0.2203]
[0.4112, 0.4206]
[0.5812, 0.5922]
[0.8082, 0.8214]
[0.1899, 0.1937]
0.4078, 0.4134
0.5873, 0.5945
0.8074, 0.8150
0.2058, 0.2072
[0.4022, 0.4046]
[0.5952, 0.5984]
[0.8008, 0.8046]

[ ]
[ ]
[ ]
[ ]

1.72
1.59
1.43
1.48
0.92
1.06
0.91
112
0.65
0.34
0.32
0.27

Table 9: Fault distance estimation results for pole to pole fault on different noises

Noise (dB) Actual fault distance

Mean = Std. Dev.

95% confidence interval Mean error (%)

0.2
0.4
0.6
0.8
0.2
0.4
0.6

30

40

0.1868 + 0.0048
0.3867 + 0.0063
0.6145 + 0.0079
0.8169 + 0.0092
0.1923 + 0.0027
0.3961 + 0.0035
0.6079 + 0.0044

[0.1841, 0.1895]
[0.3828, 0.3906]

[0.6099, 0.6191
[0.8116, 0.8222
[0.1908, 0.1938
[0.3941, 0.3981
[0.6053, 0.6105

]
]
]
]
]

1.32
1.43
1.45
1.69
0.77
0.49
0.79

(Continued)
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Table 9 (continued)

Noise (dB) Actual fault distance Mean + Std. Dev.  95% confidence interval Mean error (%)

0.8 0.7948 + 0.0051 [0.7918, 0.7978] 0.52
0.2 0.1956 + 0.0012 [0.1950, 0.1962] 0.62
50 0.4 0.4032 + 0.0018 [0.4022, 0.4042] 0.32
0.6 0.6041 + 0.0023 [0.6028, 0.6054] 0.41
0.8 0.8028 + 0.0029 [0.8011, 0.8045] 0.28

As shown in Tables 8 and 9, when 50 or 40 dB noise is added, the method proposed in this paper can
still maintain a small fault distance measurement error, while the error becomes larger after the noise reaches
30 dB. However, this paper introduces an optimization step based on the minimum fault distance error in
fault distance measurement, which to some extent reduces the impact of noise.

5.4 Ablation Experiment

1. Comparison of Faulted Line Identification Accuracy Between PGOMP and Classical OMP
Algorithms

In this section, we compare the performance of the proposed PGOMP algorithm with the classical
Orthogonal Matching Pursuit (OMP) algorithm in terms of faulted line identification accuracy. The com-
parison focuses solely on faulted line localization accuracy, as fault line identification and fault distance
estimation are relatively independent processes.

Table 10 presents the faulted line identification results for both pole-to-ground and pole-to-pole faults
across 31 branches under various transition resistance conditions. As can be seen, the proposed PGOMP
algorithm significantly outperforms the classical OMP algorithm in all scenarios. It achieves 100% accuracy
across all tested conditions, demonstrating its superior robustness and reliability.

Table 10: Faulted line localization results under different algorithms

Localization Fault type Transition Correct Accuracy (%)
algorithm resistance (Q) identifications
1 26 83.87
Pole-to-ground 5 26 83.87
10 24 7741
OMP 1 27 8710
Pole-to-pole 5 27 8710
10 24 7741
1 31 100
Pole-to-ground 5 31 100
10 31 100
GOMP 1 31 100
Pole-to-pole 5 31 100

10 31 100
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It is worth noting that accurate faulted line localization is a prerequisite for fault distance estimation.
Without first identifying the correct faulted line, any subsequent distance estimation would be meaningless.
This further highlights the critical importance of the proposed method.

2. Ablation Study on Fault Distance Estimation

To assess the effectiveness of the minimum error optimization module, an ablation analysis was
performed. This module comprises two components: “Outlier removal from fault distance results’, and
“Optimization of fault distance estimation based on the minimum high-frequency voltage error at the fault
point”

Four experimental configurations were designed, as Table 11 shown below:

Table 11: Experimental setup of fault location ablation

Experiment group Outlier removal Fault distance optimization based on minimum voltage error

E1 X X
E2 Vi X
E3 x v
E4 v v

Outlier removal refers to the use of the Z-score method to detect and eliminate anomalous distance
estimates. Fault distance optimization involves applying the method defined by Eq. (17), which minimizes
the high-frequency voltage error at the fault point. In the absence of this optimization, the final fault distance
is computed by averaging the estimates.

Pole-to-ground faults were simulated at 124 points (five equal divisions per line) across 31 lines ina DC
distribution network, with a transition resistance of 0.1 Q. The results under each experimental setting are
presented in Table 12.

Table 12: Ablation study on fault distance estimation

Group  Outlier Voltage  MAE (%) (Mean+  95% CI Significance test
removal  error-based SD) (vs. Al)
optimiza- Cohen’s d
tion

El x x 1.86 + 0.82 [1.71,2.01] -

E2 v X 1.59 + 0.39 [1.52,1.66] 0.41
E3 X Va 1.18 + 0.57 [1.08,1.28] 1.28
E4 Vv Va 0.69 + 0.26 [0.64, 0.74] 2.54

The above results and analysis demonstrate that both the outlier removal and the fault distance
optimization based on minimum high-frequency voltage error significantly contribute to the reduction of
estimation error. Specifically, outlier removal enhances the stability of the proposed algorithm by eliminating
abnormal distance estimates, while the voltage error-based optimization significantly improves the accuracy
of fault distance estimation.
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5.5 Analysis of Ring Distribution Network

In order to verify the feasibility and accuracy of the proposed fault location method across different
regions of the DC distribution network, short-circuit faults with a transition resistance of 1 ) are introduced
at various locations along the ring network as shown in the Fig. 12. This serves to evaluate the method’s
adaptability to other network topologies.

{ ) Measurement Points

Lines

}\_IZ MMC3 . Nodes with AC Systems Access by MMC
O Nodes with Photovoltaics Access by DC/DC
. Nodes with Load Access by DC transformer/VSC

é Short fault line
Figure 12: Topology of ring DC distribution network

Tables 13 and 14 show the results of fault distance estimation for the ring network. The results indicate
that the proposed algorithm can accurately identify the faulted line and estimate the fault distance with
low error in ring-structured DC distribution networks, demonstrating its strong adaptability to different
network topologies.

Table 13: Pole to ground fault distance estimation result in ring DC distribution network

Actual faulted line Actual fault Fault line Estimated fault Relative
distance localization distance error (%)
0.2 Ls_¢ 0.2049 0.51
Ls_e 0.4 Ls s 0.3932 0.68
0.6 Ls_s 0.6064 0.64
0.2 Lo 0.2028 0.28
Ls o 0.4 Ls o 0.3983 0.17
0.6 Ls o 0.5975 0.25
0.2 Lio-11 0.1953 0.47
Lio-11 0.4 Lio-11 0.4029 0.29
0.6 Lio-11 0.5958 0.42

Table 14: Pole to pole fault distance estimation result in ring DC distribution network

Actual faulted line Actual fault Fault line Estimated fault Relative
distance localization distance error (%)

0.2 Ls s 0.2042 0.42

Ls_¢ 0.4 Ls¢ 0.3953 0.47

0.6 Ls¢ 0.6039 0.39

0.2 Lso 0.1983 0.17

(Continued)
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Table 14 (continued)

Actual faulted line Actual fault Fault line Estimated fault Relative
distance localization distance error (%)

Ls_o 0.4 Ls_o 0.4022 0.22

0.6 Ls_o 0.5987 0.13

0.2 Lio-11 0.2031 0.31

Lio-11 0.4 Lio-11 0.4029 0.29

0.6 Lio-11 0.5967 0.33

5.6 Comparison of the Proposed Method with Other Existing Methods
5.6.1 Comparison of Simulation Results between the Proposed Method and Existing Methods

To verify the effectiveness of the proposed fault distance estimation principle and optimization
algorithm, different methods were applied to estimate fault distances in a DC distribution network. The
experiment considered short-circuit faults with a transition resistance of 0.1 Q at various positions along
line L3931 (Xactual = 0.2, 0.4, 0.6, 0.8) to evaluate fault distance estimation performance and compare errors
between methods.

As shown in Table 15, the proposed method achieves average location errors of 0.69% and 0.65% under
pole-to-ground and pole-to-pole faults, respectively. In contrast, the method in [25] exhibits higher errors of
3.59% and 3.53%, while the method in [26] shows even larger deviations of 5.12% and 4.98%. It is noteworthy
that both [25,26] rely solely on voltage measurements, whereas the proposed method leverages both voltage
and current information, contributing to its enhanced accuracy. Based on the comparison results, although
the improved sparse measurement-based fault distance estimation method proposed in this paper requires
more measurement devices than the other two sparse measurement approaches, the introduction of high-
frequency current measurements significantly reduces the fault location error compared to the others.
These results clearly demonstrate the comparative advantage of the proposed approach in terms of location
precision under various fault types.

Table 15: Comparison of average fault distance errors among different methods

Method Average error for Average error for Measurement devices
pole-to-ground faults pole-to-pole faults used
Proposed method 0.69% 0.65% Voltage and current
Method in [25] 3.59% 3.53% Voltage only
Method in [26] 5.12% 4.98% Voltage only

5.6.2 Comprehensive Comparison Study with Existing Methods

A comparative evaluation between the proposed method and several existing fault localization tech-
niques is presented in the Table 16, focusing on key performance indicators such as localization capability,
measurement device configuration requirements, sampling rate demands, and noise resistance. Compared
with traditional methods, the proposed fault localization strategy demonstrates several notable advantages.
First, in terms of localization functionality, the methods presented in [7,10-12] are limited to fault section
identification and are unable to determine the exact fault location. In contrast, the proposed method
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enables accurate calculation of the precise fault point. Second, regarding measurement configuration, the
proposed method overcomes the typical reliance on single-end or double-end measurements along the line,
as commonly required by existing techniques. Instead, it only requires measurement devices to be sparsely
deployed at a limited number of nodes. This greatly enhances the proposed method’s adaptability to complex
topologies in multi-node DC distribution networks and improves the cost-effectiveness of the measurement
system. Finally, in terms of functionality, the proposed method operates with a relatively low sampling
frequency compared to existing approaches. Moreover, benefiting from the incorporated fault distance
optimization mechanism, the system exhibits superior noise immunity, further enhancing its applicability
in practical engineering scenarios.

Table 16: Comparitive analysis of proposed method with excisting benchmark methods

Fault location Measurement device . Lo
Method Sampling rate Anti-noise
Section Exact Current Voltage  Configuration (kHz) performance
position sensor sensor
[7] v yes no Both ends of 3.6 kHz High
each line
[10] v no yes Few node Not mentioned Moderate
[11] Vv yes yes Single end of 50 kHz Moderate
each line
[12] v yes no Both ends of 50 kHz Low
each line
[14] Vv VA yes yes Both ends of 200 kHz Not mentioned
each line
[16] v yes no Single end of 2kHz Moderate
each line
[17] Vv v yes yes Single end of 5kHz Moderate
each line
(18] v Vv yes yes Both ends of 100 kHz Moderate
each line
[19] Vv v yes yes Bothendsof  Not mentioned High
each line
Proposed v v yes yes Few node 10 kHz Moderate
method

6 Conclusions

To address the challenge of accurately locating short-circuit faults in complex multi-node DC distribu-
tion networks with limited measurement device deployment, this paper proposes a fault distance estimation
method based on sparse high-frequency measurements. The following conclusions are drawn:

(1)  The proposed PGOMP algorithm constructs a fault localization model within the compressed sensing
framework, enabling rapid identification of the faulted line. This effectively narrows the fault search
range and lays the foundation for subsequent fault distance estimation.

(2) Once the faulted line is identified, a short-circuit fault distance estimation method based on dual-
terminal high-frequency electrical quantities is introduced, incorporating high-frequency impedance
and voltage-current relationships. This method can still achieve fault distance estimation even when
the measurement nodes are not directly located at both ends of the faulted line.

(3) To further enhance fault localization accuracy, an optimization approach based on minimizing the
fault point high-frequency voltage error is proposed. This effectively reduces localization errors and
improves distance estimation precision.
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In summary, the proposed fault distance estimation method based on sparse high-frequency mea-
surements has demonstrated high efficiency and accuracy through theoretical analysis and simulation
validation. This method provides strong support for improving the operational reliability and security of DC
distribution networks.
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Nomenclature

Abbreviations

DC Direct-current

MMC Modular Multilevel Converter

PGOMP Pearson correlation coefficient-based Generalized Orthogonal Matching Pursuit algorithm
VSC Voltage Source Converters

Indices

B The DC distribution network node

ic The iteration count for compressed sensing

i Index of the node of a faulted line of the distribution network

j Index of another node of the faulted line of the distribution network

Parameters

fn A certain high frequency is used for fault location

Zline The equivalent impedance of the DC line

Z. The equivalent impedance of the converter

It The injected high-frequency fault current source

th The preset threshold for Z-score calculation

N The number of DC distribution network nodes

M The configuration quantity of measuring devices for the DC distribution network
ZpxN The high-frequency impedance matrix

Li The line with nodes i and j at both ends

Variables

Us The fault high-frequency voltages on bus B

Iup The fault high-frequency current is injected from the fault signal source towards bus B,
IBmp The fault high-frequency current is injected from the fault signal source towards bus By,

x The fault distance
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Unmxi The high-frequency fault voltage vector

Inx The high-frequency fault current vector

Zi The high-frequency self-impedance at node i

Zij The high-frequency mutual impedance between nodes i and j.

y The observation vector

A The sensing matrix

b The sparse vector

¢ The atom in the sensing matrix

r The residual signal for the compressed sensing

S The atom set

C) The matrix for calculating high-frequency voltage and current from one end to the other

ug The high-frequency voltage of node K

ik The fault high frequency current flows from the fault point to the downstream (right) node K

fiK+1 The fault high frequency current flowing from the fault point to the upstream (left) node K+1

Uy (x) The fault source high-frequency voltage is calculated from the data from the upstream measure-

ment node,

Ujf (x) The fault source high-frequency voltage is calculated from the data from the downstream measure-

ment node

X The fault distances for the time point

X The set of fault distances

Zsc.t The Z-score of the fault distances for the time point

Yx The mean of Xthe standard deviation of X.

Oy The standard deviation of X

X The final estimated fault distance

0 The relative error of the fault distance estimation

Xactual The actual fault distance

Xcalculation The estimated fault distance

Len The total length of the line
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