
Received 15 August 2023, accepted 19 October 2023, date of publication 25 October 2023, date of current version 2 November 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3327337

Identification of Single-Phase Line Break Fault
Direction Based on Local Voltage Information
in Small Current Grounding System
Considering the Impact of DG
FAN YANG1, HE LI 2, WEI HU1, YANG LEI1, HECHONG CHEN 1,
AND YONGDUAN XUE2, (Member, IEEE)
1Electric Power Research Institute, State Grid Hubei Electric Power Company, Wuhan 430077, China
2College of New Energy, China University of Petroleum (East China), Qingdao 266580, China

Corresponding author: He Li (l853664879@163.com)

This work was supported by the Project of State Grid Hubei Electric Power Company Ltd., under Grant 52153222001F.

ABSTRACT Line break faults commonly occur in distribution networks and pose the risk of electric shocks
to nearby individuals and animals. This study aims to address the challenge of identifying the direction of
a line break fault. Specifically, we develop a model for a single-phase line break fault in a small current
grounding system and focus on analyzing the steady-state voltage changes on both sides of the fault point.
The voltage characteristics of the ungrounded system and the resonant grounding system are compared and
summarized. Based on these characteristics, a more reliable method is proposed to identify the single-phase
line break fault direction by utilizing two types of local voltage information: the magnitude of the line-to-
line voltage and the sequence of phase-to-earth voltage. Additionally, we analyze the effects of V/V wired
potential transformer (PT) and distributed generation (DG). The proposedmethod can accommodate the high
utilization rate of V/V wired PT in distribution networks and its practicality is unaffected by the connection
of DG to the distribution network. The above analysis is verified through simulations. The findings of this
study demonstrate that the direction of a single-phase line break fault can be reliably detected using local
voltage information and can be further localized with the assistance of communication, thereby improving
the level of relay protection in distribution networks.

INDEX TERMS Distribution network, small current grounding system, single-phase line break fault, steady-
state voltage, fault direction, distributed generation.

I. INTRODUCTION
Small current grounding operations, including ungrounded
systems and resonant grounding systems, are widely accepted
in medium voltage distribution systems [1], [2], [3], [4], [5].
Due to external forces, loose connections, blown fuses, defec-
tive contact of circuit breaks, and meteorological disasters
(thunderstorms, snow, strong gusts of wind), line break
fault occurs frequently [6], [7]. According to references
[8], [9], approximately 12% of the faults in 10kV distribution
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networks are line break faults. In recent years, the rapid
transition from uncovered overhead lines to insulated over-
head lines has increased the frequency of line break faults
[10], [11]. Once the flashover develops into an electric arc
on insulated lines, the electric arc cannot swing as how it is
driven by electric force or wind on uncovered overhead lines.
Eventually, consistent arcing at the fixed point will lead to a
line break fault.

Line break faults can have a detrimental impact on various
types of loads, particularly constant power loads. reference
[7] introduced a control strategy to mitigate the effects of
fault on loads, but it cannot eliminate line break faults.
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The long-term existence of line break faults can also increase
the risk of fires and even personal electrocution accidents,
seriously threatening the safety and stability of the distribu-
tion network [12]. Nonetheless, line break faults typically
result in very low fault currents, which makes their detec-
tion using existing conventional protective relaying schemes
highly challenging [13]. Since single-phase line break faults
are the most likely type of line break faults to occur, it is
necessary to analyze the characteristics of single-phase line
break faults and propose associated immediate detection
approaches.

There are four types of single-phase line break faults:
single-phase line break without earthing, single-phase line
break with earthing at the system side, single-phase line break
with earthing at the load side, and single-phase line break
with earthing at both sides [14]. According to reference [15],
a single-phase line break with earthing at both sides has
the same fault characteristics as a single-phase-to-earth fault.
Therefore, it can be resolved using traditional small current
grounding fault diagnosis methods [16], [17], [18], [19], and
the corresponding analysis is not duplicated in this paper.

Reference [20] conducted an analysis on the overvoltage
characteristics of single-phase line break fault without earth-
ing in resonant grounding systems. The study demonstrated
that the fault can lead to overvoltages which may endanger
the insulation of the network. However, reference [20] did
not consider single-phase line break faults with earthing.
In practical distribution networks, pure line break faults often
escalate into line break faults with earthing when the bro-
ken conductors make contact with the ground. Our previous
works [21], [22], respectively, investigated the voltage change
characteristics on both sides of the fault point for different
types of single-phase line break faults in ungrounded and
resonant grounding systems. Nevertheless, a comprehensive
summary of these characteristics is currently lacking, and no
novel detectionmethod has been proposed in either reference.

Reference [23] conducted a comparative analysis between
measured phase currents and predicted phase currents to
identify line break faults in effectively grounded distribution
networks. The predicted phase currents were calculated using
Residual Current Multiplying Factors. In reference [24], the
detection of single-phase line break faults was based on the
analysis of three-phase currents, with three-phase voltages
used as an additional criterion to determine the presence of a
ground fault. Reference [12] proposed a method that utilized
voltage amplitude and phase on the low voltage side of the
distribution transformer to differentiate line break faults from
short-circuit faults. In reference [15], a line break fault detec-
tionmethodwas introduced based on the differential principle
of zero sequence voltage amplitude. This method required
voltage information on both sides of the fault point and relied
on communication. Lastly, reference [25] presented a deep
learning identification method for single-phase line break
faults, which combined variation mode decomposition and
stacked auto encoder with double optimization.

Due to differences in neutral point grounding operations,
certain proposed approaches cannot be directly applied to
small current grounding systems. Furthermore, the references
mentioned above, which utilize current characteristics as the
criterion, are often limited by unbalanced loads and light
load conditions. These constraints make conventional phase
current and negative sequence current elements almost inef-
fective in detecting line break faults. Although the method
proposed by reference [23] addresses the effects of unbal-
anced loads, it may still lose efficacy under light load
conditions. Most of the aforementioned methods rely solely
on single fault information to detect line break faults, which
makes them less reliable compared to approaches that con-
sider two or more fault information. The method proposed by
reference [15] relies on communication and has high require-
ments on distribution network equipment. Furthermore, fault
detection methods using depth learning models or intelligent
algorithms have fewer practical applications, and their prac-
ticality remains uncertain.

In recent years, there has been a significant increase in the
connection of distributed generations (DGs) to the distribu-
tion network, which can have an impact on the characteristics
of line break faults [26]. Also, it should be noted that small
current grounding operations are commonly used in suburban
and rural areas. Due to limited investment in these areas, cost-
effective V/V wired potential transformers (PTs) are often
utilized for measuring devices [27]. However, V/V wired PTs
are incapable of measuring phase-to-earth voltage. Therefore,
existing fault detection methods that rely on phase-to-earth
voltage information are not applicable in such situations,
reducing their practicality.

In summary, there exists a deficiency in the analysis and
summarization of the voltage characteristics of line break
faults in small current grounding systems, and the existing
line break fault detection methods have their own limitations.
Therefore, it is necessary to summarize the characteristics of
single-phase line break faults and propose a fault detection
method that is simple, reliable, and practical. This paper
makes the following contributions:

1) The characteristics of phase-to-earth voltages and line-
to-line voltages on both sides of the fault point are
analyzed. Additionally, the magnitude and phase range
of phase-to-earth voltages are derived. Finally, a sys-
tematic comparison and summary are provided to
highlight the fault voltage characteristics between the
ungrounded system and the resonant grounding system.

2) Based on these characteristics, a more reliable method
is proposed to identify the fault direction by utilizing
two types of local voltage information: the magnitude
of the line-to-line voltage and the sequence of phase-
to-earth voltage. Furthermore, the practicality of the
method is examined by investigating the impacts of
V/V wired PT and DG.

The rest of this paper is organized as follows. Section II
analyzes the voltage characteristics of single-phase line break
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faults under different situations. Section III proposes a fault
direction identification method and analyzes the effects of
V/V wired PT and DG. Section IV introduces the fault loca-
tion and processingmethod. SectionV presents the case study
results. Finally, Section VI concludes this paper.

II. VOLTAGE CHARACTERISTICS FOR SINGLE-PHASE LINE
BREAK FAULT IN SMALL CURRENT GROUNDING SYSTEM
A. MODEL OF A SINGLE-PHASE LINE BREAK FAULT IN
SMALL CURRENT GROUNDING SYSTEM
The single-phase line break fault in a small current grounding
system can be modeled as shown in Fig. 1. Take the line
break fault at phase A as an example. In Fig. 1, L and RL
represent the equivalent parallel inductance and resistance of
the Petersen coil, respectively; ĖA, ĖB, ĖC and U̇A, U̇B, U̇C
represent the phase-to-neutral voltages of the voltage source
and phase-to-earth voltages of the three buses, respectively;
L1 and L2 represent the equivalent circuits for all healthy
feeders and the faulty feeder, respectively; N indicates the
neutral point; O indicates the ground potential; U̇NO repre-
sents the neutral voltage; A and A′ represent the nodes on both
sides of the fault point; C1 and C2 represent the capacitance-
to-earth of each phase for all healthy feeders and the faulty
feeder, respectively; x is the ratio of capacitance-to-earth
downstream of the fault point to the total capacitance-to-
earth of the faulty feeder, which represents the location of the
fault point; Rd and R′

d represent the earthing resistance on
both sides of the fault point; load impedances of three phases
with a Y-connection are assumed to be balanced. Z1 and
Z2 represent the load impedance in L1 and L2, respectively;
compared to the capacitive reactance of the distribution line to
the ground, the impedance of the distribution line is extremely
small and can be neglected [28].

FIGURE 1. Diagram of a single-phase line break fault in a small current
grounding system.

B. MATHEMATICAL EXPRESSION OF VOLTAGE ON BOTH
SIDES OF THE FAULT POINT
According to Kirchhoff’s Current Law, the U̇NO for different
types of single-phase line break faults can be written as
follows:

Single-phase line break fault without earthing
(Rd = R′

d = ∞):

U̇NO =
x

2k (v− jd)
ĖA (1)

where v and d represent the detuning factor and damping
ratio, respectively; k is the ratio of total system capacitance-
to-earth to the faulty feeder’s capacitance-to-earth; x/k
represents the ratio of capacitance-to-earth downstream of
the fault point to the total system capacitance-to-earth. The
mathematical expressions for these factors can be written as:

v = 1 −
1

3kω2C2L

d =
1

3kωC2RL

k =
C1 + C2

C2

(2)

In ungrounded system, v = 1, d = 0.
Single-phase line break fault with earthing at the system

side (R′
d = ∞):

U̇NO =

3 −

(
3Z2 +

2
jωxC2

)/
Rd(

3Z2 +
2

jωxC2

)/
Rd +

6k
x (v− jd)

ĖA (3)

Single-phase line break fault with earthing at the load side
(Rd = ∞):

U̇NO

=
jωxC2 (3Z2f + 2) + f(

3jωxC2Z2+
3Z2
R′
d

+2
) [

1
R′
d
+3kωC2 (d+jv)

]
−3Z2f 2

ĖA

(4)

where f = jωxC2 + 1
/
R′

d.

According to Fig. 1, the phase-to-earth voltage of A′ can
be written as:

U̇A′ =
−

1
2 ĖA + U̇NO

1 +
3Z2
2R′

d
+ jωxC2

3Z2
2

(5)

When a line break fault occurs, the three-phase voltages
upstream of the fault point are synthesized by the U̇NO and
the phase-to-neutral voltages of the voltage source.

U̇A = U̇NO + ĖA
U̇B = U̇NO + ĖB
U̇C = U̇NO + ĖC

(6)

The line-to-line voltages at the system side remain sym-
metrical. For the load side, the line-to-line voltages between
the faulty phase and healthy phases change significantly due
to the phase-to-earth voltage of the faulty phase. According to
(5) and (6), the line-to-line voltages downstream of the fault
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point can be written as:
U̇A′B =

R′
d U̇CB − 3Z2U̇B
2R′

d + 3Z2

U̇CA′ =
R′
d U̇CB + 3Z2U̇C
2R′

d + 3Z2
U̇BC =

√
3ĖA ̸ − 90◦

(7)

C. VOLTAGE CHARACTERISTICS ON BOTH SIDES OF
THE FAULT POINT
The existing resonant grounding systems are usually over-
compensated. And the detuning factor v is predetermined
from −5% to −10% [29]; the normal system damping ratio
d of overhead lines is 2% to 5%, and it can increase to
10% when the cover layer breaks [30]. In this paper, we set
v = −10%, d = 10% in the resonant grounding system, and
focus on summarizing the steady-state voltage characteristics
in small current grounding system under the influence of
earthing resistance and fault location.

In the distribution networks with line break fault, O will
not change as the base. The voltages at other positions relative
to O will change. For the sake of analysis convenience, N is
considered to be fixed. Based on fixed N , the trajectory of O
relative to N is derived and plotted for different types of line
break fault. In the following analysis of voltage magnitudes
and phases, ĖA is taken as the base unit, with its phase
set at 0◦.

1) SINGLE-PHASE LINE BREAK FAULT WITHOUT EARTHING
According to (1) and (5)-(7), the schematic diagrams of
voltages on both sides of the fault point for a single-phase
line break without earthing in an ungrounded system and a
resonant grounding system are shown in Fig. 2.

Similarity:
The U̇NO is only determined by the location of the fault

point. A′ is always located at the midpoint of the line seg-
ment BC.

For the system side, all line-to-line voltages remain sym-
metrical, and the sequence of phase-to-earth voltage remains
unchanged (A-phase ahead of B-phase, B-phase ahead of C-
phase). For the load side, the line-to-line voltage between
healthy phases does not change, but the line-to-line voltages
between faulty phase and healthy phases decrease to 0.5 times
the nominal voltage (

∣∣U̇BC ∣∣/2 =
∣∣U̇A′B

∣∣ =
∣∣U̇CA′

∣∣). The
phases of U̇A′B and U̇CA′ are identical; The phases of U̇A′B
and U̇CA′ are opposite to the phase of U̇BC . The sequence of
phase-to-earth voltage changes (B-phase ahead of A-phase,
C-phase ahead of B-phase).

Difference:
According to Fig. 2, the trajectories ofO are different in the

two systems. In the ungrounded system, the phase-to-earth
voltage magnitude decreases in the healthy phase; the mag-
nitude of phase-to-earth voltage increases/decreases in the
faulty phase upstream/downstream of the fault point. On the
other hand, in the resonant grounding system, the Petersen
coil amplifies the distribution of O. The phase-to-earth

FIGURE 2. Schematic diagrams of voltages on both sides of the fault
point for single-phase line break without earthing.

voltage of the faulty phase decreases with a small x/k .
In extreme cases, where the system only consists of one
feeder and the fault point is close to the bus (x/k is large),
all phase-to-earth voltages will exceed the nominal voltage
as long as there is a sufficiently high earthing resistance.

2) SINGLE-PHASE LINE BREAK FAULT WITH EARTHING AT
THE SYSTEM SIDE
According to (3) and (5)-(7), the schematic diagrams of
voltages on both sides of the fault point for a single-phase
line break with earthing at the system side in an ungrounded
system and a resonant grounding system are shown in Fig. 3.
Similarity:
The distribution of O is shown in the shaded area in (a)

and (b) of Fig. 3. Solely increasing the value of Rd from
0 to ∞ can make O move from A to G along. G denotes the
position of O for Rd = R′

d = ∞ with different values of x/k .
A′ is also consistently located at the midpoint of the line
segment BC.

The characteristics of line-to-line voltage and the sequence
of phase-to-earth voltage are the same as single-phase line
break without earthing. When the earthing resistance is
small, the characteristics of three phase-to-earth voltages
upstream of the fault point are the same as pure single-
phase-to-earth fault: the magnitude of phase-to-earth voltage
increases/decreases in healthy/faulty phase. The faulty phase-
to-earth voltage will be higher than the nominal voltage.
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FIGURE 3. Schematic diagrams of voltages on both sides of the fault
point for single-phase line break with earthing at the system side.

Difference:
When the earthing resistance is large: in ungrounded sys-

tems, the healthy phase-to-earth voltagewill decrease, and the
magnitude of phase-to-earth voltage will increases/decreases
in faulty phase upstream/downstream of the fault point;
in resonant grounding systems, the faulty phase-to-earth
voltage decreases with a small x/k , but all phase-to-earth
voltages will be higher than the nominal voltage with a
large x/k .

3) SINGLE-PHASE LINE BREAK FAULT WITH EARTHING
AT THE LOAD SIDE
According to (4)-(7), the schematic diagrams of voltages on
both sides of the fault point for a single-phase line break
with earthing at the load side in an ungrounded system and
a resonant grounding system are shown in Fig. 4.
Similarity:
The distribution of O is shown in the shaded area in (a)

and (b) of Fig. 4. Increasing only Rd from 0 to ∞ can
make O move from A′ to G along. Unlike the first two fault
types, A′ is not consistently positioned at the midpoint of
the line segment BC, and its position depends on the load
impedance of the faulty feeder and the earthing resistance.
According to (5), increasing only Rd will lead to an increase
in the magnitude of U̇A′ , and A will move closer to the
midpoint of the line segment BC as well; increasing only
Z2 will result in a decrease in the magnitude of U̇A′ , and A
will move away from the midpoint of the line segment BC.

FIGURE 4. Schematic diagrams of voltages on both sides of the fault
point for single-phase line break with earthing at the load side.

The magnitudes summation of the line-to-line voltages
between the faulted phase and the healthy phases is 1 to
2
/√

3 times the magnitude of the line-to-line voltage

between the healthy phases (
∣∣U̇BC

∣∣ ≤
∣∣U̇A’B

∣∣ +
∣∣U̇CA’

∣∣ <

2
√
3

∣∣U̇BC
∣∣).

Difference:
In ungrounded system, the magnitude of the faulty phase-

to-earth voltage upstream of the fault point increases, while
the faulty phase-to-earth voltage and at least one healthy
phase-to-earth voltage decrease. In a resonant grounding sys-
tem, when the earthing resistance is small, the magnitude of
the faulty phase-to-earth voltage upstream of the fault point
increases, while the faulty phase-to-earth voltage and at least
one healthy phase-to-earth voltage decrease. However, when
the earthing resistance is large and x/k is small, all phase-to-
earth voltages will be higher than the nominal voltage.

The range of magnitude and phase of phase-to-earth volt-
ages on both sides of the fault point for single-phase line
break faults in small current grounding systems are shown
in Table 1.
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TABLE 1. The range of magnitude and phase of phase-to-earth voltages on both sides of the fault point for single-phase line break faults in a small
current grounding System.

D. COMPARISON AND SUMMARY OF VOLTAGE
CHARACTERISTICS
When a single-phase line break fault occurs in a small current
grounding system, the capacitance-to-earth downstream of
the fault point is transferred to the healthy phase through
the load impedance of the faulty feeder. In addition to the
effect of earthing resistance, the imbalance of phase-to-earth
admittance in the three phases further contributes to the volt-
age variation. When comparing the voltage characteristics in
an ungrounded system and a resonant grounding system, the
summation is shown as follows:

The U̇NO exhibits significant differences between the two
systems. The Petersen coil amplifies the distribution ofO, and
the magnitude of U̇NO in the resonant grounding system can
be as high as 1/ |v− jd | times that of the ungrounded system.
Without considering the damping ratio d , the phase of U̇NO

is nearly opposite in the two systems. Line break fault with
earthing at one side, increasing only the earthing resistance
will cause O move clockwise along a semicircular arc in
an ungrounded system. Whereas in a resonant grounding
system,Omoves counterclockwise along the semicircular arc
without considering the d ; and moves clockwise along an
inferior without considering the d . The angle of the inferior
arc is determined by the v and d .
The three-phase voltages upstream of the fault point are

synthesized by the U̇NO and the phase-to-neutral voltages of
the voltage source. The mathematical expressions for these
voltages remain unaffected by the neutral grounding oper-
ation. The magnitude of each phase-to-earth voltage in a
resonant grounding system is significantly greater than that
of an ungrounded system under the same influencing factors,
such as the location of the fault point, the ratio of the faulty
feeder’s capacitance-to-earth to the total system capacitance-
to-earth, earthing resistance, and the load impedance.

The similarities of the voltage characteristics in the two
systems are as follows. When a line break fault occurs, the
faulty phase-to-earth voltage at the load side is synthesized by
the other two healthy phase-to-earth voltages and is affected
by the earthing resistance of the fault point. It is significantly
different from a nominal operation, with a phase angle change

exceeding 90◦. In the case of ignoring the impedance of dis-
tribution line, the healthy phase-to-earth voltage downstream
of the fault point matches the healthy phase-to-earth voltage
upstream of the fault point. The line-to-line voltages down-
stream of the fault point between faulty phase and healthy
phases experience significant changes due to the influence
of the faulty phase-to-earth voltage, and there is a consistent
rule:

∣∣U̇BC ∣∣ ≤
∣∣U̇A′B

∣∣ +
∣∣U̇CA′

∣∣ < 2
√
3

∣∣U̇BC ∣∣. The sequence
of phase-to-earth voltage upstream of the fault point remains
unchanged, while the sequence of phase-to-earth voltage
downstream of the fault point changes. The voltage change
characteristics downstream of the fault point are more obvi-
ous than those upstream. Exploiting the voltage information
downstream of the fault point allows for local detection of the
direction of single-phase line break faults without the need for
communication equipment, offering unique advantages.

III. IDENTIFICATION OF LINE BREAK FAULT DIRECTION
A. JUDGING CRITERION
According to the analysis of voltage characteristics for single-
phase line break faults in Section I, it is evident that the
sequence of phase-to-earth voltage downstream of the fault
point changes. Additionally, the magnitude of the line-to-
line voltages downstream of the fault point between faulty
phase and healthy phases decrease significantly. Based on the
above characteristics, a criterion for identifying the direction
of single-phase line break faults is designed.

The feeder terminal unit (FTU) on the distribution feeder
collects the phase-to-earth voltage data, θA, θB, θC represent
the angles of U̇A, U̇B, U̇C , respectively. According to (8), the
phase difference between the phase voltages is calculated:

θA−B = θA − θB

θA−C = θA − θC (8)

θA−B > θA−C represents the sequence of phase-to-
earth voltage changes, otherwise the phase sequence remains
unchanged. All phase angles and phase differences need to be
adjusted to [0, 360◦) for calculation.

The FTU collects the line-to-line voltage data. We set p to
describe the ratio of the magnitudes of line-to-line voltages.

VOLUME 11, 2023 120759



F. Yang et al.: Identification of Single-Phase Line Break Fault Direction

Set the line-to-line voltage with the largest magnitude to be
U̇LMAX , and the line-to-line voltage with the lowest magni-
tude to be U̇LMIN . According to (9), the p is calculated:

p =

∣∣U̇LMAX ∣∣∣∣U̇LMIN ∣∣ (9)

Set Uset to the threshold value of ‘‘no voltage’’. To ensure
that the line-to-line voltage is not small, the voltage data need
to meet (10). In the case of a balanced load, when the system
operates normally, p ≈ 1; when a single-phase line break
fault occurs, the line-to-line voltage downstream of the fault
point meets the standard of p > 1. By setting the threshold
value of p, the voltage data that satisfies (10) can provide
further indication of single-phase line break faults occurring
upstream of the detection point.∣∣U̇LMAX ∣∣ > Uset (10)

θA−B > θA−C (11)

p > pset (12)

If the voltage data collected by the FTU meet (10)-(12),
it can be judged that a single-phase line break fault has
occurred upstream of the detection point. Conversely, it can
be judged that no single-phase line break fault occurs
upstream of the detection point. The recommended value of
Uset is 0.2 times the line-to-line voltage rating. When a line
break fault occurs, the theoretical minimum value of p is

√
3.

Considering the measurement error of the equipment and the
imbalanced load situations, initially set pset = 1.5. In prac-
tical applications, the threshold values mentioned above can
be adjusted according to the specific circumstances.

B. FLOWCHART
The flowchart illustrating the process of identifying the
direction of single-phase line break faults in small current
grounding systems is presented in Fig. 5.

C. INFLUENCING FACTORS AND COUNTERMEASURES
1) V/V WIRED POTENTIAL TRANSFORMER
The capital investment in the distribution network is signif-
icantly smaller compared to the transmission network. V/V
wired PTs can measure line-to-line voltage with just two
single-phase voltage transformers, fulfilling the requirements
for measurement and protection. Due to their affordability
and minimal space requirements, V/V wired PTs are com-
monly used in small current grounding systems in suburban
and rural areas. However, V/V wired PTs are incapable of
measuring phase-to-earth voltage. As a result, the judging
criterion should be simplified if the direction of single-phase
line break faults needs to be identified in remote areas.

Under the condition that the phase-to-earth voltage cannot
be measured, if the voltage data collected by FTU meet
(10) and (12), it can be judged that a single-phase line
break fault has occurred upstream of the detection point.
Conversely, it can be judged that no single-phase line break
fault occurs upstream of the detection point. This processing

FIGURE 5. Flowchart for identifying the direction of single-phase line
break faults in small current grounding systems.

method trades off reliability in fault direction identification
for improved adaptability.

2) DISTRIBUTED GENERATION
New energy technology is developing rapidly worldwide,
with a significant increase in the connection of DG to the
distribution network. According to Section II, a line break
fault often leads to voltage changes. The grid-connection
regulations of DG require that DG connected to the medium
voltage distribution network must possess low voltage ride
through (LVRT) capability. Once a voltage drop is detected at
the point of common coupling (PCC), the DG enters an LVRT
state and outputs three-phase symmetrical positive sequence
reactive power to the grid in order to raise PCC voltage.

The assessment criterion of LVRT is shown in Fig. 6.
When the PCC voltage is in the area above the voltage
contour, the DG should operate continuously without going
off-grid; otherwise, the DG is allowed to go off-grid.

The diagram of the relative locations of the PCC and the
fault point is shown in Fig. 7. As shown in (a) of Fig. 7,
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FIGURE 6. The assessment criterion of LVRT.

when the PCC is located upstream of the fault point or on
the healthy line, the line break fault characteristics are the
same as those of the distribution network without DG. This
situation has no effect on the proposed judging criterion.

FIGURE 7. The relative locations of the PCC and the fault point.

As shown in (b) of Fig. 7, the PCC is located downstream of
the fault point. If the DG can support the downstream load to
operate continuously and restore the PCC voltage to a nom-
inal level within a specified time, DG will shift to islanded
operation. Conversely, if the DG is unable to support the
continuous operation of the downstream load, it will attempt
to raise the PCC voltage according to its control strategy
during the LVRT state. Eventually, the DG will go off-grid
as it fails to comply with the voltage requirements presented
in Fig. 6. Once off-grid, the DG has no impact on the fault
characteristics of the distribution network. Compared to the
distribution network without DG, the process (≤2s) leads to
an increase in the line-to-line voltages downstream of the
fault point between the faulty phase and healthy phases, and
further results in a decrease in p. Furthermore, the sequence
of phase-to-earth voltage downstream of the fault point may
remain unchanged, reducing the reliability of the proposed
judgment criterion. The process is further illustrated by the
example of a single-phase line break fault without earthing
occurring upstream of the PCC in an ungrounded system.

When a single-phase line break fault occurs, the DG out-
puts both active and reactive power. Based on Fig. 1 and
Fig. 7, the expression of U̇NO can be written as:

U̇NO =
x
2k

(
ĖA − İDGAZ2

)
(13)

where İDGA is the A-phase output current of DG, and its phase
angle lags behind the positive sequence voltage of PCC.

According to (13), the phasor diagram of PCC voltage is
drawn in Fig. 8.

FIGURE 8. Schematic diagram of PCC voltages for a single-phase line
break fault without earthing in an ungrounded system.

In this case, the line-to-line voltages downstream of the
fault point between the faulty phase and healthy phases
increase, while p decreases. In comparison to normal oper-
ation, the sequence of phase-to-earth voltage downstream of
the fault point remains unchanged. The above results lead to
the invalidity of the proposed judging criterion.

Since line break faults do not result in a significant fault
current, it is common practice to opt for alarming or delaying
the isolation of line break faults, rather than immediately
removing the faulty feeder. Therefore, when a line break
fault occurs upstream of the PCC, the proposed identification
method can reliably detect the direction of the single-phase
line break fault only after the DG is off-grid, which does not
affect its practicality in the project.

IV. METHOD OF FAULT LOCATION AND PROCESSING
The structure of a typical distribution network is shown in
Fig. 9. The FTU on the distribution feeder collects the volt-
age data and judges whether a single-phase line break fault
occurs by using the judging criterion described in Section III.
The communication block in Fig. 9 indicates that data can
be exchanged between the main station and FTUs with the
assistance of communication. The main station collects fault
information from each FTU, identifies the fault location
based on the fault information, and isolates the faulty feeder
for maintenance.

The following illustrates the method of fault location and
processing by taking examples of A-phase line break faults
occurring at F1, F2, and F3, respectively.

The fault occurs at F1. When the system cannot commu-
nicate, according to the judging criterion, FTU1-2 and FTU5
judge that no single-phase line break fault occurs upstream
of the detection point; FTU3-6 judge that a single-phase line
break fault occurs upstream of the detection point and issue a
warning.When the system can communicate, FTU3-6 further
transmit the fault information to the main station through the
communications. Then, the main station selects the faulty
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FIGURE 9. Schematic diagram of a typical distribution network.

TABLE 2. Typical parameters of lines.

feeder and traverses the detection points from the system side
to the load side of the faulty feeder. If the fault information
of adjacent detection points is different, the main station
can determine that the fault is located between P2 and the
downstream line branch point, isolate the faulty feeder, and
notify the staff to repair.

When a fault occurs at F2, FTU1-2, FTU5-6, and FTU7
judge that no single-phase line break fault occurs upstream
of the detection point, while FTU3-4 judge that a single-
phase line break fault occurs upstream of the detection point.
Based on the fault information, the main station can locate
the fault point between P3 and the upstream line branch point.
When a fault occurs at F3, FTU1-3, FTU5-6, and FTU7 judge
that no single-phase line break fault occurs upstream of the
detection point, while FTU4 judges that a single-phase line
break fault occurs upstream of the detection point. Based on
the fault information, the main station can locate the fault
point between P3 and P4.

V. CASE STUDY
A. MODEL DESCRIPTION
The simulation model as shown in Fig. 10 is implemented
by MATLAB/Simulink. The simulated distribution network
consists of a 110kV/10.5kV substation with 7 feeders, includ-
ing uncovered overhead lines, insulated overhead lines, and
cable lines [31]. The typical parameters of the overhead line
and cable line are presented in Table 2 [32]. The nominal
capacity of the transformer is 20MVA. When the switch S is
open, the model is an ungrounded system, and the length of
Feeder1 is set to 1km. On the other hand, when the switch S is
closed, the model is a resonant grounding system (v= −10%,
d = 10%), and the length of Feeder1 is set to 5km. The load

FIGURE 10. Simulation model of single-phase line break faults in a small
current grounding system.

FIGURE 11. The trajectories of O for different fault locations and different
earthing resistance.

of each feeder is balanced, and Feeder7 is considered as the
faulty feeder, with A-phase as the faulty phase.

Three fault locations are selected: 1.5km, 3km, and 4.5km
from the bus. Three types of faults are considered: single-
phase line break without earthing, single-phase line break
with earthing at the system side, and single-phase line break
with earthing at the load side. The earthing resistances
are set to 10�, 100�, 200�, 500�, 1k�, 10k�, and ∞.
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TABLE 3. Voltages on both sides of the fault point under different fault types.

TABLE 4. Voltage data and judgment results of each detection point for single-phase line break faults.

Three detection points are set: Q1 and Q2 on Feeder7, which
are 1 km and 4 km away from the bus respectively, andQ3 on
Feeder4, which is 4km away from the bus.

B. SIMULATION OF FAULT CHARACTERISTIC
The trajectories ofO for different fault locations and different
earthing resistances are shown in Fig. 11.
For different types of single-phase line break faults in an

ungrounded system, the earthing resistance of 500� and the
fault location of 1.5km from the bus are taken as examples.
The voltages measured by the detection points (Q1 and Q2)
on both sides of the fault point are shown in Table 3.
According to Table 3, the faulty phase-to-earth volt-

age downstream of the fault point is significantly different
from the nominal operation, with a phase angle change
greater than 90◦. The sequence of the phase-to-earth voltage
upstream of the fault point remains unchanged, while the
sequence of the phase-to-earth voltage downstream of the
fault point changes. The line-to-line voltages upstream of
the fault point remain symmetrical. However, the line-to-line

voltages downstream of the fault point between the faulty
phase and the healthy phases change significantly, decreasing
to 0.5 times the nominal voltage. The phases of U̇A′B and U̇CA′

are nearly identical, while the phases of U̇A′B and U̇CA′ are
nearly opposite to the phase of U̇BC .

C. SIMULATION OF FAULT DIRECTION IDENTIFICATION
The voltage data in Table 3 is further analyzed to verify the
correctness of the proposed fault direction method. Accord-
ing to A of Section I, the threshold value of ‘‘no voltage’’ is
set at 2100V (Uset = 2100V); the threshold value of p is set at
1.5 (pset = 1.5). The voltage data collected at each detection
point and the judgment results are shown in Table 4.
According to Table 4, the FTU is capable of determin-

ing the occurrence of single-phase line break faults and
indicating the fault direction based on the criteria proposed
in this paper. The judgment results of each detection point
are accurate. Using the fault location method described in
Section IV, the fault can be narrowed down to a region
between Q1 and Q2.
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In order to test the performance of the proposed method,
numerous simulation experiments were conducted by varying
the grounding operation, feeder length, fault location, earth-
ing resistance, and load impedance. Due to limitations in the
length of this paper, the remaining data from these experi-
ments are not presented. All the simulation results confirm
that the described fault characteristics are correct and that the
fault direction identification method effectively indicates the
fault direction.

VI. CONCLUSION
This paper proposes a method for identifying the direction
of single-phase line break faults in small current grounding
systems by utilizing the local voltage change characteristics.
Theoretical analysis and simulations lead to the following
conclusions:

1) The line-to-line voltages upstream of the fault point
remain symmetrical. However, the line-to-line volt-
ages downstream of the fault point, between the faulty
phase and the healthy phases, decrease to 0.5 times the
nominal voltage. Additionally, their phases are either
approximately the same or approximately opposite.

2) The faulty phase downstream of the fault point experi-
ences an angle change greater than 90◦. The sequence
of phase-to-earth voltage upstream of the fault point
remains unchanged, but the sequence of phase-to-earth
voltage downstream of the fault point does change.

3) The variation range of phase-to-earth voltages during
a single-phase line break fault is greater in a resonant
grounding system compared to an ungrounded system,
leading to potentially severe damage to the network
insulation. The maximum phase-to-earth voltage can
reach up to 4.66

∣∣ĖA∣∣ in resonant grounding systems
and 1.90

∣∣ĖA∣∣ in ungrounded systems.
4) The fault direction identification method is based on

the voltage change information downstream of the fault
point. It considers both the magnitude of the line-to-
line voltage and the sequence of phase-to-earth voltage.
Therefore, this method is more reliable compared to
that relying solely on single fault information.

5) The proposed method can use the existing equipment
in distribution networks to indicate the fault direction
and further locate the fault point with the assistance
of communication. Therefore, there is no need for any
additional investment to implement this identification
method.

6) The fault direction identification method is not influ-
enced by earthing resistance and load impedance, and
can adapt to the high utilization rate of V/V wired PT
in the distribution network. The connection of DGs to
the distribution network will not affect the feasibility of
this method in the project.

This paper systematically studies the voltage character-
istics of single-phase line break faults in small current
grounding systems. It provides theoretical support for future

research on detection and location approaches. The proposed
identification method offers a reliable way to determine the
direction of single-phase line break faults, thereby improving
the level of relay protection in distribution networks in future
practical applications.

However, it should be noted that the fault direction iden-
tification method proposed in this paper is unable to directly
trip the circuit breaker using the information upstream of the
fault point. In future studies, it is necessary to explore fault
identification methods for line break faults that utilize the
upstream fault information to enable direct cooperation with
the circuit breaker. This would facilitate the swift disconnec-
tion of the downstream fault line and effectively isolate the
fault. In addition, this paper does not consider multiphase
line break faults. Although multiphase line break faults occur
relatively infrequently, it is imperative to investigate them in
order to enhance the theoretical understanding of line break
faults.
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