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ABSTRACT Under single-line-to-ground (SLG) faults, the voltages and currents in resonant grounded
systems will inevitably be distorted. To locate the faults quickly and accurately, this paper proposes a location
method based on fault distortions. The faulty phase is firstly detected according to the first SLG fault feature
below, and then the faulty feeder and section are detected according to the second feature below. 1) On
the bus, one of the following distortions occurs. One dropped faulty-phase voltage (FPV) and two raised
normal-phase voltages (NPVs). One dropped FPV and two NPVs (in which one rises and the other drops),
where the product of FPV amplitude distortion and its phase-angle distortion is unique among three phase
voltages. 2) On the faulty phase, the current on faulty feeder upstream rises, while the currents on faulty
feeder downstream and normal feeders drop. Compared to existing methods, simulation tests show that the
proposed method is robust under high impedance faults, and has a simple algorithm and easy engineering
implementation. Also, it is effective under harmonics, three-phase imbalance, and different fault positions.

INDEX TERMS Fault distortions, fault location, single-line-to-ground faults, resonant grounded systems.

ACRONYMS
SLG Single line to ground
(F/N) PV (Faulty/Normal) phase voltage
RGS Resonant grounded system
ZSC Zero-sequence current
FF (U/D) Faulty feeder (upstream/downstream)
FPC Faulty phase current
VFA Voltage fault area: Ku
FD Fault distortion: 1
Zf /Y f Fault impedance/admittance
Iu/d/n FPC on FFU/FFD/normal-feeder
Ea/b/c Pre-fault bus voltages
Ufa/nb/nc Post-fault bus voltages
1θ/U/I Phase-angle/Voltage/Current FD
Yeq Total equivalent admittance on bus
Yeq(n) Equivalent admittance on faulty Feeder (n)
Yeq(j) Equivalent admittance on normal Feeder (j)
Yp Admittance of Peterson coil

I. INTRODUCTION
SLG faults are the fault type with the highest incidence in
distribution networks, accounting for more than 80% [1].

The associate editor coordinating the review of this manuscript and

approving it for publication was Dazhong Ma .

To ensure user safety and power supply reliability, the
6-66 kV distribution networks in China mainly use the reso-
nant grounded system (RGS). The advantages of RGS include
small fault currents, symmetrical line voltages, and loads that
can continue to run for 1-2 hours. However, the FPV is close
to 0 and NPVs are close to line voltages under low impedance
faults. If the system runs with the faults for a long time, it will
not only threaten personal and equipment safety, but also lead
to more serious phase-to-phase short circuit faults. Therefore,
SLG faults must be located and removed in a short time.

At present, SLG fault detection problems have not been
well solved. Many distribution departments in China still
use the traditional ‘‘pull-feeder’’ method, which detects the
faulty feeder by disconnecting feeders in turn and observing
whether the fault indication signal disappears. This traditional
method not only causes unnecessary power loss to users, but
also is not conducive to personal and equipment safety, and
cannot further locate the faults.

A. PREVIOUS AND RELATED WORKS
In recent years, researchers have proposed many fault detec-
tion methods suitable for their distribution networks.

In [2], the Peterson coil was adjusted after faults to
make the zero-sequence current (ZSC) on faulty feeder
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upstream (FFU) exceed a threshold, so as to locate the faults.
In [3], a method based on instantaneous ZSC energy was
proposed, which detects the faulty feeder according to the
feature ofmaximum instantaneous ZSC energy in the selected
frequency band on the faulty feeder. In [4], the average
data distribution deviation of instantaneous ZSC was used
to detect the faulty feeder. In [5], the relationship between
the initial transient ZSC and FPV was used to detect the
faulty feeder. In [6], a method based on grey correlation
was proposed to detect faults by comparing the similarity on
transient ZSCwaveforms of faulty and normal feeders. In [7],
the faulty feeder was detected by comparing ZSC directions
of faulty and normal feeders.

In [8], the improved empirical wavelet transform was used
to extract the natural mode function of original signal, and
then the fault probability of each feeder was estimated. In [9],
the fuzzy c-means algorithm was used to determine the fault
and non-fault states of feeders, and then the faulty feeder was
detected by the distance between fault state feature samples
and cluster centers. In [10], a method based on the continu-
ous wavelet transform and convolution neural network was
proposed to detect faulty feeders. In [11], the S-transform
and continuous wavelet transform were used to locate faults
on the combination of overhead feeders and cables. In [12]
and [13], the Hilbert-Huang transform was used to extract
instantaneous power directions of each feeder, so as to detect
high impedance faults. In [14] and [15], the mathematical
morphology was proposed to process continuous signals in
the nonlinear time domain, and the improved mathematical
morphology algorithm was used to identify distribution net-
work faults [16].

In [17], according to the feature that the reactive cur-
rent in faulty feeders was larger than that in normal feed-
ers, the faulty feeder was detected. In [18], the faulty
feeder was detected by traveling wave polarities of the
post-fault current and voltage. In [19], new generation
mechanisms of the zero-sequence voltage and residual cur-
rent were proposed, and the faulty feeder was detected by
an improved zero-sequence admittance method. In [20], a
method based on the correlation dimension and average
resistance was proposed to identify the cause of permanent
SLG faults.

In [21], a data-driven fault location method for distributed
generation and distribution systems was proposed, in which
the fault reports of smart meters were used to predict the
fault section. In [22], a fault location method based on fault
indicators was proposed, in which the relationship matrix
between fault location systems and fault control systems
was used. In [23], the relationship between fault distances
and cluster measurement groups was used to locate the fault
section. In [24], the synchronized distributed voltage travel-
ing wave observers were used to locate faults, and the effect
of power system components on traveling wave propagations
was studied.

However, many of the abovemethods have not been widely
used in practice. The main reasons are as follows.

1) Under high impedance faults, the ZSC is quite small
and difficult to extract, which leads to the failure on
some ZSC-based methods such as [2] and [3].

2) Some smart methods, such as [8] and [9], focus on
the signal transformation and processing, and their
algorithms are complex and difficult to implement in
engineering.

3) Some methods, such as [17] and [18], can only detect
faulty feeders, but cannot further locate faults. The
improvement to manual troubleshooting efficiency and
reduction to power outage time are limited.

4) Some methods, such as [21] and [22], require the smart
devices such as smart meters, fault location systems,
and fault control systems. They are only applicable to
some economically developed countries.

B. CONTRIBUTIONS
Aiming at the above problems, the innovations of this paper
are as follows.

1) The SLG fault features of bus voltages and faulty phase
currents (FPCs) on feeders are obtained:
• There are three types of bus voltage distortions.
One dropped FPV and two raised NPVs. One
dropped FPV and two NPVs (in which one rises
and the other drops), where the product of FPV
amplitude distortion and its phase-angle distortion
is unique among three phase voltages.

• The FPC on FFU rises, while the FPCs on faulty
feeder downstream (FFD) and normal feeders
drop.

2) The voltage fault area (VFA) and fault distortion (FD)
are defined to quantify the distortion degrees of above
voltages and currents. Also, a fault location method
based on FDs is proposed, including faulty phase and
feeder detections.

3) The proposed method only needs the pre-fault and
post-fault bus voltages and feeder FPCs extracted by
common low-cost current transformers, and its algo-
rithm is simple. Their values are easy to extract even
under high impedance faults.

The rest of this paper is organized as follows. Section II
analyzes the steady-state SLG fault features in RGS, includ-
ing bus voltages and feeder FPCs. Section III proposes a
fault location method based on FDs and introduces its engi-
neering implementation. Aiming at the fault features and
proposed method, Section IV conducts simulation verifica-
tions and tests, including comparisons with existing methods.
iConclusions are drawn in Section V. Appendix contains the
derivation for some equations.

II. SLG FAULT FEATURES IN RGS
For Fig. 1, it is assumed that the bus voltages Ea/b/c and line
parameters are symmetrical, and the capacitances between
phases are ignored. The system neutral is grounded by the
Peterson coil Zp. Zeq(1) − Zeq(n) are equivalent impedances

34326 VOLUME 9, 2021



Y. Chen et al.: SLG Fault Location in Resonant Grounded Systems Based on Fault Distortions

FIGURE 1. Steady-state model of RGS under SLG faults.

from the bus to loads on Feeder (1) − Feeder (n):

Zeq(n) = Zl(n) + Zt(n) + Zload(n) (1)

where Zl(n),Zt(n), and Zload(n) are the line, transformer, and
load impedances.

When a SLG fault occurs at the phase A on Feeder (n)
and the system enters into a steady state, it is equivalent to
connecting a fault impedance Zf in parallel with the phase A.
In Fig. 1, Iu and Id are the FPCs on FFU and FFD, and In is
the FPCs on normal feeders. If is the fault current:

If =
3Ea

3Zf + Z1 + Z2 + Z0
(2)

where Z1,Z2, and Z0 are the Thevenin impedances in positive,
negative, and zero-sequence networks [25].

A. BUS VOLTAGES
The feeders in distribution networks are generally no more
than 100 km. When the working frequency is stable at
50/60 Hz, the impedance on FFU is far less than that on FFD
containing loads. Therefore, the bus and fault point can be
considered as same potential when studying bus voltages.

The post-fault FPV on the bus is

Ufa = Zf If =
3Zf

3Zf + Z1 + Z2 + Z0
Ea = KuEa (3)

where Ku is defined as the VFA. Its amplitude |Ku| < 1
indicates that the FPV drops under SLG faults, and it is
directly proportional to Zf : the smaller Zf , the lower FPV.
Also, the phase angle of Ku satisfies θKu ∈ [−90◦, 90◦].
The post-fault NPVs on the bus are

Unb = Eb − Ea + U fa = (Ku +
√
36 − 150◦)Ea (4)

Unc = Ec − Ea + U fa = (Ku +
√
36 150◦)Ea (5)

where Ea,Eb, and Ec are pre-fault bus voltages. Equa-
tions (3)-(5) show that under SLG faults, the amplitude
and phase angle of bus voltages will suddenly change
(i.e., distortion).

FIGURE 2. Polar diagrams for Ku and
√

3 6 ± 150◦.

The Ku and
√
36 ± 150◦ are shown in Fig. 2, where

Ku can be divided into Area 1-3. According to (3)-(5),
Ufa/Ea,Unb/Ea, and Unc/Ea are shown in Fig. 3 when Ku
is in Area 1-3.

Fig. 3 shows that when Ku is in the different Areas,
Ufa,Unb, and Unc show different features under SLG faults.
For example, in Fig. 3(a) (Ku in Area 1),

∣∣Ufa/Ea∣∣< 1 and
θ(U fa/Ea) ∈ [0, 60◦] show that the amplitude of FPV-A drops
and its phase angle increases [0, 60◦]. Also, |Unb/Ea| <
1 and θ(Unb/Ea) ∈ [−180◦,−120◦] show that the amplitude
of NPV-B drops and its phase angle decreases [0, 60◦]. Also,
|Unc/Ea| > 1 and θ(Unc/Ea) ∈ [120◦, 125.26◦] show that
the amplitude of NPV-C rises and its phase angle increases
[0, 5.26◦].
Similarly, when Ku is in Area 2 or 3, the distortion features

on bus voltages can be obtained, as shown in Table 1. In this
paper,1 in the table is defined as the FD,which represents the
difference between the pre-fault and post-fault parameters.
For example,1U and1θ are the voltage FD and phase angle
FD, which are determined by (6) and (7).

1θ = θ
′
− θ (6)

where θ and θ ′ are the pre-fault and post-fault phase angles
on bus voltages. If 1θ is positive (or negative), it means that
the phase angle increases (or decreases) under SLG faults.

1U =
∣∣U ′∣∣− |U | (7)

where |U | and
∣∣U ′∣∣ are the pre-fault and post-fault amplitudes

on bus voltages. If1U is positive (or negative), it means that
the amplitude rises (or drops) under SLG faults.

Table 1 shows that there are three types of bus voltage
distortions under SLG faults, depending on Ku, which is
composed of system parameters and fault impedances.

In summary, the FPV will inevitably drop. For two NPVs,
there are one rise and one drop, or there are two rises.

B. FPCs ON FEEDERS
To facilitate calculations, we combine feeders on the
same phase in Fig. 1, and replace impedances Z with
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TABLE 1. Distortions of voltage amplitude and phase angle with Ku under SLG faults.

FIGURE 3. Distortions of Ufa, Unb, and Unc with Ku. (a) Ku in Area 1.
(b) Ku in Area 2. (c) Ku in Area 3.

admittances Y . Then, we can get the equivalent fault model
shown in Fig. 4, where Yeq is

Yeq =
n∑
i=1

Yeq(i) (8)

FIGURE 4. Equivalent model of RGS under SLG faults.

To quantify the current distortion under SLG faults, the cur-
rent FD 1I is introduced as

1I =
∣∣I ′∣∣− |I | (9)

where |I | and
∣∣I ′∣∣ are the pre-fault and post-fault current

amplitudes on the same feeder of same phase.

1) FPC ON FFU
The pre-fault system is symmetric, so the pre-fault FPC on
FFU is Yeq(n)Ea.

By establishing the Nodal Admittance Equation for Fig. 4
(see Appendix), the post-fault FPC on FFU can be obtained
as

Iu =
3Y eq + Yp

3Y eq + Yp + Yf

(
Yeq(n) + Yf

)
Ea (10)

Therefore, the 1I of FPC on FFU is

1Iu = |Iu| −
∣∣Yeq(n)Ea∣∣ > 0 (11)

Equations (10)-(11) show that the FPC on FFU rises under
SLG faults, and the raised amplitude is proportional to fault
admittances Yf . In other words, it is inversely proportional
to Zf .

2) FPC ON FFD
Before faults, the FPC on FFD is the same as FPC on FFU,
and it is Yeq(n)Ea.

The post-fault FPC on FFD is

Id =
3Y eq + Yp

3Y eq + Yp + Yf
Yeq(n)Ea (12)
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TABLE 2. FDs of FPCs on feeders.

Therefore, the 1I of FPC on FFD is

1Id = |Id | −
∣∣Yeq(n)Ea∣∣ < 0 (13)

Equations (12)-(13) show that the FPC on FFD drops under
SLG faults, and the dropped amplitude is proportional to Yf .

3) FPCs ON NORMAL FEEDERS
Before faults, the FPCs on normal feeders are Yeq(j)Ea, where
j = 1, 2, · · · , n− 1.
The post-fault FPCs on normal feeders are

In =
3Y eq + Yp

3Y eq + Yp + Yf
Yeq(j)Ea (14)

Therefore, the 1I of FPCs on normal feeders are

1In = |In| −
∣∣Yeq(j)Ea∣∣ < 0 (15)

Equations (14)-(15) show that the FPCs on normal feeders
drop under SLG faults, and the dropped amplitude is propor-
tional to Yf .
In summary, the FDs of FPCs on feeders are shown

in Table 2.

III. FAULT LOCATION METHOD BASED ON FDs
From Section II, we can see that the RGS under SLG faults
will present: 1) The bus voltages are distorted according to
Table 1; 2) The FPCs on feeders are distorted according to
Table 2. Therefore, this Section will design a fault location
method according to the above features, and describe its
engineering implementation.

A. FAULTY PHASE DETECTION
Under SLG faults, there are one dropped FPV and two raised
NPVs whenKu is in Area 3. In other words, the only dropped-
voltage phase on the bus is the faulty phase.

When Ku is in Area 1 or 2, there are one dropped FPV
and two NPVs in which one rises and the other drops. At this
time, 1U ·1θ on each voltage are shown in Table 3. Table 3
shows that there are 1U ·1θ < 0 for FPV and 1U ·1θ >

0 for NPVs when Ku is in Area 1; there are 1U ·1θ > 0
for FPV and 1U ·1θ < 0 for NPVs when Ku is in Area 2.
In other words, whether Ku is in Area 1 or 2, the 1U ·1θ
of FPV is unique among the three phase voltages. Therefore,
the phase with unique1U ·1θ on the bus can be determined
as the faulty phase.

In summary, after SLG faults occur, the pre-fault and post-
fault bus voltages can be extracted to calculate the voltage
FDs (1U ) according to (7). If there is only one phase with
1U < 0, this phase is determined as the faulty phase.
Otherwise, the products 1U ·1θ on each phase are further

TABLE 3. Products of voltage FDs and phase angle FDs.

calculated to determine that the phase with unique 1U ·1θ
is the faulty phase.

B. FAULTY FEEDER AND SECTION DETECTIONS
Table 2 shows that under SLG faults, the FPC on FFU rises
and FPCs on normal feeders drop. Therefore, after the faulty
phase detection, the pre-fault and post-fault FPCs on feeders
can be extracted to obtain the current FDs (1I ) according
to (9). Then it is determined that the feeder with 1I > 0 is
the faulty feeder, and the feeders with1I < 0 are the normal
feeders.

After the above detections, the faulty phase and feeder
have been determined. However, for long-term or perma-
nent faults, Automatic Reclosing cannot make the system
return to normal, only manual inspection and troubleshooting
along the feeder. If the faulty section can be further detected,
the labor efficiency can be improved and the power outage
loss can be greatly reduced.

Table 2 shows that on the faulty feeder of faulty phase,
there are 1I > 0 for FFU and 1I < 0 for FFD. There-
fore, the pre-fault and post-fault FPCs at current transform-
ers (CTs) on the faulty feeder can be extracted to obtain
the 1I . If there are 1I > 0 for CTi and 1I < 0 for CTi+1,
the fault is located in [CTi,CTi+1] (i.e., faulty section).

C. METHOD ENGINEERING IMPLEMENTATION
According to Section III.A-B, the FDs-based fault location
method shown in Fig. 5 includes 3 steps: 1) faulty phase
detection; 2) faulty feeder detection; 3) faulty section detec-
tion. Also, its start is determined by the zero-sequence voltage
U0 on the bus: U0 > Uth; where Uth is usually (3-10) % of
rated voltages [3].

In Step 1, in addition to the direct bus extraction, the volt-
ages can also be extracted by any feeder connected to the bus.
The distribution networks are usually equippedwith busmon-
itoring devices. Step 2 requires the FPCs on feeders, so only
one CT is installed at each feeder, and it can also identify bus
faults. Step 3 requires the distributed CTs on the faulty feeder.
Similar to phase measurement units (PMUs) [26], the low-
cost distributed CTs may become another important compo-
nent of smart grids. The number and spacing of distributed
CTs can be defined by users according to fault experiences,
which is flexible.

For the pre-fault and post-fault data capacities, to ensure
accurate sampling and less calculations, it is only necessary
to take respectively two-cycle (Close to fault cycle) average
values excluding the transient process.
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FIGURE 5. Fault location method based on FDs.

In fact, CTs will inevitably have measurement errors, but
the core of this method is to calculate the difference 1
between the pre-fault and post-fault. The error on the same
CT exists before and after faults, and its impact has been
automatically eliminated in the calculation according to (6),
(7), and (9).

For the normal voltage and current fluctuation caused by
factors such as parallel connection of capacitor groups, if it
occurs before this method starts, its impact can also be auto-
matically eliminated. If it occurs when this method is running
(the probability is quite small, because the execution time of
this method is at the MS level, see Section IV.D), its impact
can be eliminated by adding low-pass filters or taking the
average on multiple samples.

In particular, this method is based on steady-state fault
features, so the transient factors such as transient high fre-
quencies have no effect on this method. In engineering, (3-5)
τ is considered as transient duration, where τ is the system
time constant and determined by system parameters [27].

IV. SIMULATION VERIFICATIONS AND TESTS
Combined with actual distribution networks, we compre-
hensively consider the combined overhead and cable feed-
ers F(1) − F(8), and build the model shown in Fig. 6 by
Simulink. The feeder parameters are shown in Table 4 [28].
In the figure, the 110 kV source generator (SG) and 400 V

FIGURE 6. RGS simulation model under SLG faults.

distributed generations (DG1 and DG2) are programmable
three-phase voltage sources with RL branch, which can gen-
erate harmonics and three-phase imbalance. The loads are
the three-phase parallel RLC with a rated voltage of 400 V.
f1 − f5 are fault positions of 1, 3, 5, 8, and 15 km from the
bus, and CTs are installed at each feeder. SLG faults occurred
at Time = 200 ms. Also, in Section IV.A-C, the switches S1
and S2 are open to simulate single-source radial networks; in
Section IV.D, the S1 and S2 are closed to simulate distributed
networks with DGs.

A. TESTS FOR BUS VOLTAGES
Under the ideal condition without harmonics, there are at
most three types of bus voltage distortions when the phase
A is grounded by different Zf and positions. They are shown
in Fig. 7, where the pre-fault bus voltage amplitudes are
6643 V. The phase angles corresponding to Fig. 7(a) and (b)
are shown in Fig. 8(a) and (b), where the pre-fault bus voltage
phase angles are unified to −3◦. The results show:

1) When Zf is low, the transient overvoltage as shown
in Fig. 7(c) will appear at the fault time, and the
transient time lasts for about one cycle, accompa-
nied by decaying oscillations (see Fig. 8). The ampli-
tude and phase angle of bus voltages have significant
changes (distortions) under SLG faults.

2) In Fig. 7(a), the voltages of phase A and B drop,
while the voltage of phase C rises. It can be seen from
Table 1 that Ku is in Area 1. In Fig. 7(b), the voltages of
phaseA andC drop, and the voltage of phase B rises;Ku
is in Area 2. In Fig. 7(c), the voltage of phase A drops,
and the voltages of phase B and C rise; Ku is in Area
3. Therefore, there are three types of bus voltage dis-
tortions under faults. One dropped FPV and two raised
NPVs; one dropped FPV and two NPVs in which one
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TABLE 4. Simulation parameters.

FIGURE 7. Bus voltages under different ku areas. (a) Area 1. (b) Area 2.
(c) Area 3.

rises and the other drops. They are consistent with the
voltage amplitude features described in Section II.A.

3) In Fig. 8(a), the phase angle of phase A increases
by 6.29◦, phase B decreases by 9.22◦, and phase C
increases by 3.54◦ under faults. In Fig. 8(b), the phase

A decreases by 1.83◦, phase B decreases by 4.95◦,
and phase C increases by 6.44◦. Therefore, there
are 1θa> 0,1θb< 0,1θc> 0 when Ku is in Area 1,
and there are 1θa< 0,1θb< 0,1θc> 0 when Ku is in
Area 2. They are consistent with the voltage phase
angle features described in Section II.A.

In actual distribution networks, there are harmonics gen-
erated by non-linear loads such as power converters, and we
can simulate the harmonics by the programmable SG. The
bus voltages are shown in Fig. 9 (a)-(c) when the phase A
is grounded by 10-2000 � at f1 − f4. Also, Under the case
of 10�, the Fast Fourier Transform (FFT) to FPV-A is shown
in Fig. 9(d). The pre-fault bus voltage amplitudes are 6556 V.
The results show:

1) All FPVs drop in Fig. 9(a), while all NPVs rise
in Fig. 9(b) and (c), indicating thatKu is in Area 3 under
the four fault cases.

2) In Fig. 9(a), even if Zf is 2000 � (high impedance
fault), the post-fault FPV is 6539 V, and still lower than
the pre-fault. Also, with decreases of Zf , the FPV is
lower, which is consistent with (3).

3) In Fig. 9(b) and (c), even if Zf is 2000 �, the post-
fault NPVs are 6564 and 6562 V, they are still higher
than the pre-fault. Also, in Fig. 9(d), the total harmonic
distortion (THD) of FPV-A reaches 8.2%, which has
exceeded the limit (the THD limit in China’s distribu-
tion networks is 8%). They show that the harmonics,
fault impedances, and fault positions do not change the
fault features.

B. TESTS FOR FPCs ON FEEDERS
Under the ideal condition, the FPCs on feeders are shown
in Fig. 10 when f2 is grounded by 0.1 �. The faulty feeder
includes FFU and FFD, and the pre-fault and post-fault cur-
rent amplitudes on some feeders have been marked.

FIGURE 8. Bus voltage phase angles under different ku areas. (a) Area 1. (b) Area 2.
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FIGURE 9. Bus voltages under different fault cases. (a) Faulty phase A. (b) Normal phase B. (c) Normal phase C. (d) FFT to FPV-A.

FIGURE 10. FPCs on each feeder when Zf is 0.1 �.

In Fig. 10, the different equivalent impedances on feeders
lead to the different FPCs. The post-fault FPC on FFU reaches
1622 A, which is significantly higher than the pre-fault. On
the contrary, the FPCs on FFD and normal feeders drop. For
example, the pre-fault and post-fault FPCs on the normal
feeder F(8) are 80.5 and 59.4 A. They are consistent with the
FPC features described in Section II.B.

Under harmonics, the FPCs on feeders are shown
in Fig. 11(a)-(c) when the phase A is grounded by 10-2000�
at f1 − f4, and F(2) is taken as an example of normal feeders.
Also, Under the case of 10 �, the FFT to FPC-on-FFD is
shown in Fig. 11(d). The results show:

1) Since f1 and f4 are both fault positions on F(1), the pre-
fault FPCs on faulty feeder under the two cases are the
same (they coincide in the figure). The FPCs are both
447.9A in Fig. 11(a), and are both 448.9A in Fig. 11(b).

2) In Fig. 11(a), the FPCs on FFU rise under faults.
For example, the pre-fault and post-fault FPCs are
595.7 and 612.6 A when Zf is 1000 �; the pre-fault

and post-fault FPCs are 447.9 and 454.1A when Zf is
2000�. It is consistent with the FFU feature described
in Section II.B.

3) In Fig. 11(b), the FPCs on FFD drop under faults.
For example, the pre-fault and post-fault FPCs are
596.2 and 586.2 A when Zf is 1000 �; the pre-fault
and post-fault FPCs are 448.9 and 446.5 A when Zf is
2000�. It is consistent with the FFD feature described
in Section II.B.

4) In Fig. 11(c), the pre-fault FPC on normal feeder
F(2) is 460.3 A, and its FPC drops regardless of fault
impedances and positions. For example, the FPC drops
to 459.8 A when Zf is 2000 �; with decreases of Zf ,
the FPC is lower. It is consistent with the normal feeder
feature described in Section II.B.

5) In Fig. 11(d), the THD reaches 6.49%, which is close
to the limit. They show that the harmonics, fault
impedances, and fault positions do not change the dis-
tortion features of FPCs: FFU rises, FFD and normal
feeders drop. Also, the distortion degree become more
serious with decreases of Zf .

C. TESTS FOR PROPOSED METHOD
Under harmonics, the results of faulty phase, feeder, and
section detections are shown in Tables 5, 6, and 7 with com-
prehensive consideration of different Zf and fault positions.
The faulty phases are all set to A.

Table 5 shows the 1U , 1θ , and faulty phase detection
results under 5 cases, where \ means that this value does not
need to be measured or calculated. Also, the fault currents
corresponding to Case 4 and 5 are 10.6 and 3.2 A. The results
show:
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FIGURE 11. FPCs on each feeder under different fault cases. (a) FFU. (b) FFD. (c) Normal feeder F(2). (d) FFT to FPC-on-FFD.

TABLE 5. Results of faulty phase detection under different fault cases.

1) The 1U of faulty phase A in all cases are negative
(marked in bule), which is consistent with (3).

2) There are one dropped and two raised voltages in
Case 1 and 3 (Ku in Area 3). According to Step 1 in
Fig. 5, the only dropped-voltage phase A is detected as
the faulty phase.

3) There are one raised and two dropped voltages in
Case 2, 4, and 5 (Ku in Area 1 or 2). At this time,
it is necessary to further calculate the 1θ and multiply
it with the corresponding 1U . According to Step 1 in
Fig. 5, the phase A with unique 1U ·1θ among three
phases is detected as the faulty phase. For example,
there are1U ·1θ > 0 for the phase A and1U ·1θ <

0 for phases B and C in Case 2.
4) In Case 5, even if Zf is 1500 �, the 1U ·1θ of faulty

phase A is still unique among three phases, which does
not change the effectiveness of faulty phase detection.

After the faulty phase is detected, Table 4 shows the1I and
faulty feeder detection results under these cases. The results
show:

1) In all cases, there are 1I > 0 for faulty feeders
(marked in bule). The F(5) in Case 3 is a branch of
F(6) (see Fig. 6), so there is 1I > 0 for F(5). On the

contrary, there are1I < 0 for normal feeders. They are
consistent with (11) and (15).

2) According to Step 2 in Fig. 5, the feeder with1I > 0 is
detected as the faulty feeder. For example, the 1I of
F(2) is 405.2 A, and there are 1I < 0 for other feeders
in Case 1.

3) In Case 5, even if Zf is 1500 �, there are still 1I >

0 for the faulty feederF(2) and1I < 0 for other feeders,
which does not change the effectiveness of faulty feeder
detection.

After the faulty feeder is detected, Table 7 shows the1I of
CTs on faulty feeders and the fault section detection results.
The values of CTs in Table 7 are the 1I of faulty feeders
in Table 6. CT1 − CT7 correspond to each position in Fig. 6,
and \ means that this CT is not needed. The results show:

1) In all cases, there are1I > 0 for FFU (marked in bule)
and 1I < 0 for FFD, which is consistent with (11)
and (13). In Case 1, for example, CT and CT5 are on
FFU, and their1I are 405.2 and 405.4 A; while CT7 is
on FFD, and its 1I is −387.9 A.

2) According to Step 3 in Fig. 5, the section [CTi,CTi+1]
with the following feature is detected as the faulty
section: 1I > 0 for CTi and 1I < 0 for CTi+1.
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TABLE 6. Results of faulty feeder detection under different fault cases.

3) In Case 5, even if Zf is 1500 �, the 1I on FFU is
7.65 A, and the1I on FFD is−1.07 A, which does not
change the effectiveness of faulty section detection.

4) Although Case 3 is a fault on the feeder branch, as long
as a CT is installed on the branch, no matter how
complex the branch is, the fault on the branch can be
located.

D. FURTHER ROBUSTNESS TESTS
Nowadays, to save electricity costs and improve energy effi-
ciency, more and more DGs are connected to the grid, which
makes distribution networks more complex. Also, the damp-
ing of network varies with weathers. They make the power
quality problems such as harmonics (noise) and three-phase
imbalance serious, so it is necessary to test the robustness of
proposed method under these conditions.

We close S1 and S2 in Fig. 6, connect DG1 and DG2 to
the network, and let them generate harmonics and unbalanced
voltages. Also, considering countries with long feeders, such
as Australia, we set the length of feeders F(1) − F(8) as 50-
100 km. When the phase A is grounded by 10� at f4, the bus
voltages and FPCs on feeders are shown in Fig. 12(a) and (b),
and the pre-fault and post-fault amplitudes have beenmarked.
The FFT to FPC-on-F(3) is shown in Fig. 12(c). At this time,
the DG1 is on FFU and DG2 is on the normal feeder. The
results show:

1) In Fig. 12(a), even if the three-phase imbalance and
harmonics exceed the limit seriously (THD is 21.6%
in Fig. 12(c)), there are one dropped FPV and two
raised NPVs under the fault, and the proposed method
can still detect the faulty phase.

2) In Fig. 12 (b), the FPC on FFU rises, while the FPCs
on FFD and normal feeders drop. The proposedmethod
can still detect the faulty section.

3) The fastest execution time of proposed method is only
two post-fault cycles (40 ms). The first cycle is the
transient cycle without sampling, and the second cycle
is the steady-state cycle with sampling.

4) The fundamental reason why the proposed method is
effective under the environments is that it extracts the
(voltage and current) amplitude differences between
the pre-fault and post-fault. For the same phase or
feeder, the three-phase imbalance exists before and
after faults, and can be regarded as a constant within the

FIGURE 12. Tests under harmonics and three-phase imbalance. (a) Bus
voltages. (b) FPCs on feeders. (c) FFT to FPC-on-F(3).

execution time of its MS-level algorithm. Therefore,
its impact on the method has been automatically elimi-
nated by1, see (6), (7), and (9). Also, the extracted bus
voltages and FPCs are periodic signals in the steady
state. From the Fourier series, we can see that they
already contain various harmonics, that is, the impact of
harmonics has been taken into account by the method.
Therefore, this method is robust under three-phase
imbalance and harmonics.

We connect S1 and disconnect S2 to test the proposed
method. The bus voltages and FPCs on feeders are shown
in Fig. 13(a) and (b) when the phase A is grounded by 10 �
at f1. At this time, only DG1 is connected to the network and
is on FFD. The results show:

1) In Fig. 13(a), the FPV drops and NPVs rise. For FPCs
in Fig 13(b), the FFU rises and the DFF and normal
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TABLE 7. Results of faulty section detection under different fault cases.

FIGURE 13. Tests under different network topologies. (a) Bus voltages.
(b) FPCs on feeders.

feeders drop. Combined with Fig. 12, we can conclude
that the proposed method is effective no matter where
the DGs are. This is because the capacities of DGs are
limited (in China’s distribution networks, the capacity
of a DG does not exceed 30% of that of SG), which is
far less than the sum of the capacities of SG and other
DGs, making the total power flow direction of feeders
is still consistent with that of single-source radiation
networks.

2) Even if the feeder lengths in model are 50-100 km,
the proposed method is still effective.

E. COMPARISON WITH EXISTING METHODS
In recent years, there are many ZSC-based fault detection
methods such as [2] and [3], but we have to admit that the
ZSC is extremely weak under high impedance faults, and
it is difficult to extract. Fig. 14(a) and (b) show the FPCs
and ZSCs on faulty and normal feeders when Zf is 1500 �.
The results show that the ZSCs on faulty and normal feeders
are only 2.1 and 0.6 A. Also, there are natural ZSCs caused
by unbalanced lines and loads, which makes it more diffi-
cult to extract the ZSC under SLG faults. On the contrary,
the proposed method only needs to extract the bus voltages
and feeder FPCs, and their values are high even under high
impedance faults, which is easy to extract by CTs. In Fig. 14,
for example, the pre-fault and post-fault FPCs on the faulty
feeder are 579.5 and 588.5 A, and 1Iu is 9 A; the pre-fault
and post-fault FPCs on the normal feeder are 80 and 78.3 A,
and 1In is −1.7 A. Both |1Iu| and |1In| are also higher than
the corresponding ZSCs. Therefore, the proposed method is
more robust than ZSC-based methods under high impedance
faults.

Compared with some smart methods based on signal pro-
cessing such as [8] and [9], the proposed method only needs
to extract the pre-fault and post-fault bus voltages and feeder
currents without signal conversion, and has a simple algo-
rithm, which is easy to implement in engineering.

Compared with some faulty feeder detection methods such
as [17] and [18], the proposed method can further locate
faults.

Compared with some methods based on smart devices,
such as [21] and [22], the proposed method only needs to
monitor bus voltages and feeder currents. The bus voltage
monitoring has been realized in distribution networks, and the

FIGURE 14. Amplitudes of FPCs and ZSCs under Zf is 1500 �. (a) Faulty feeder. (b) Normal feeder.
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feeder current monitoring only needs common low-cost CTs.
Therefore, this method is quite friendly to non-developed
countries and regions.

In particular, references [26] and [29] obtained the Voltage-
Current characteristic on transmission lines by the PMUs and
digital image processing method, so as to locate the faults
in transmission networks. Compared with them, the pro-
posed method can locate the faults only by subtractions and
plus-minus sign comparisons using lower-cost transformers,
so the proposed method in this paper is simpler.

V. CONCLUSION
In this paper, the following SLG features in RGS are obtained
by analyzing the fault distortions of bus voltages and feeder
FPCs. 1) The bus voltages have one of the following distor-
tions. One dropped FPV and two raised NPVs. One dropped
FPV and two NPVs (in which one rises and the other
drops), where the product of FPV amplitude distortion and its
phase-angle distortion is unique among three phase voltages.
2) The FPC on FFU rises, while the FPCs on FFD and normal
feeders drop.

Moreover, the VFA Ku and FDs 1 are defined to quan-
tify the above-mentioned fault features, and a fault location
method based on FDs is proposed. It can be simply imple-
mented by the pre-fault and post-fault bus voltages and feeder
FPCs. Simulation tests show that the proposed method is
robust under high impedance faults, harmonics, and three-
phase imbalance.

In future research, the proposedmethod will be extended to
the transmission networks and other neutral distribution net-
works such as ungrounded and resistance grounded neutrals.

APPENDIX
For Fig. 4, the Node Admittance Equation is established with
reference to the node 0:(

3Y eq+Yf +Yp
)
V1−

(
Yeq+Yf

)
Ea−YeqEb−YeqEc=0

(A-1)

where V1 is the potential of load grounded node 1.
Solving for (A-1), V1 is

V1 =
Yf

3Y eq + Yf + Yp
Ea (A-2)

Therefore, The FPCs on FFU, FFD, and normal feeders are

Iu = (Ea − V1)
(
Yeq(n) + Yf

)
(A-3)

Id = (Ea − V1)Yeq(n) (A-4)

In = (Ea − V1)Yeq(j) (A-5)

Finally, we can get (10), (12), and (14) from (A-2) - (A-5).
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