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ABSTRACT The distribution network with small current grounding mode can ensure high power supply
reliability, but it is difficult to locate single-phase grounding fault line. Most of the faults in distribution
network are single-phase to ground fault. It is important to locate the fault line timely and accurately for the
normal operation of the power grid. In this article, a fault line selection method based on signal injection is
proposed. The dynamic selection of parameters and injection frequency in real-time monitoring distribution
network by injection method is analyzed. The accuracy of signal frequency domain conversion is improved
by using all phase Fourier transform. Taking the active power consumption of injected signal after fault as
the criterion, the accuracy of line selection is improved. Through theoretical analysis and simulation, as well
as experiments in a 600V distribution system, the fault line can be accurately selected.

INDEX TERMS Fault line selection, signal injection method, non-effectively earthed neutral, single-phase
to ground fault.

I. INTRODUCTION
In the early stage of the development of distribution network,
the system capacity is small. The power equipment adopts
the operation mode of neutral point direct grounding. How-
ever, with the continuous development of industrialization,
the scale of distribution network is also expanding. When
single-phase ground fault occurs, the grounding current of
neutral point is very large. The circuit breaker will trip as a
whole, resulting in power failure [1]. In order to solve this
problem, China’s power industry adopts the operation mode
of ungrounded or grounded by arc suppression coil at the
neutral point of distribution network. Also known as small
current grounding mode [2]. When single-phase to ground
fault occurs, the line voltage is still balanced. The mode
has the characteristics of short-term operation with fault and
provides a certain time for fault line selection.

Single-phase to ground fault accounts for more than 70%
of all grid faults, and most of the phase to phase faults are
caused by the untimely single-phase fault treatment [3]. After
the single-phase fault occurs in the small current grounding
system, the line voltage is still consistent with that before
the fault. However, if the fault line is not selected in time,
the increased fault phase voltage may damage the insula-
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tion. It leads to the expansion of fault scope and affects the
safety and stability of the whole distribution network system.
In recent years, with the development of urban distribution
network, underground cables are widely used. The capac-
itance current generated by the distributed capacitance to
the ground is multiplied. Therefore, the operation mode of
neutral point grounding through arc suppression coil is gen-
erally adopted in large capacity distribution network. It can
also be called resonant grounding system [4]. The capacitive
current of distribution network is compensated by arc sup-
pression coil, which can effectively reduce the fault current
in single-phase grounding fault and avoid the generation of
arc. However, due to the complex characteristics of resonant
grounding system, the realization of fault line selection is
more difficult.

The existing fault line selection equipment and algorithm
can be divided into two aspects, passive line selection and
active line selection [5]. Among them, the passive line selec-
tion is based on the steady-state signal and transient signal of
the power grid fault. A line selection method based on current
reactive component is proposed in [6], [7], while negative-
sequence and zero-sequence voltages are used in [8]. How-
ever, most distribution networks have their neutral points
grounded through arc suppression coil. Because of the func-
tion of arc suppression coil, it is difficult to realize the
original fault zero-sequence criterion. Reference [9] uses
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wavelet transform to select fault line from transient signals of
non-fault line and fault line after fault, and [10]–[12] propose
using wavelet transform to select line with energy analy-
sis. Reference [13] uses negative selection algorithm (NSA)
and Hilbert Huang transform (HHT) to analyze the transient
information. Because of the short duration of fault transient
process, it is difficult to sample data. The accuracy of the
passive route selection method is difficult to guarantee, and
the engineering implementation is also difficult.

Signal injection method is a type of active line selec-
tion [14]. When single-phase to ground fault occurs, sig-
nal injection method is used to inject signal from external
signal source. The fault line selection can be realized by
sampling and analyzing the injection signals of each line.
Reference [15] measures the capacitive current of distribution
network by injecting signal from the open triangle side of
voltage transformer. But this method will introduce the error
of leakage resistance and reactance. In [16]–[18], a signal
injection method without external signal source is proposed.
After the fault occurs, the resistance is connected to the
neutral point of the distribution network, which increases the
zero-sequence active power of the fault line. However, this
method can only connect the resistance to the neutral point
after the fault, which has great interference to the distribution
network system. References [19], [20] propose to inject DC
signal to detect the size of DC component of each line to
realize line selection. However, DC signal is vulnerable to
interference after injection. The injected AC sinusoidal signal
is used in [21], [22]. The amplitude of the injected signal
remains unchanged, but the frequency changes in a certain
range. After getting the resonance frequency of the system,
the parameters of the distribution network are calculated.
However, the frequency range of this method is limited, and
the resonance frequency of distribution network may not be
in its range. In [23], [24], signal injection method is used for
fault line selection, but the influence of injection frequency is
not considered. In [25], it is proposed that power frequency
50 Hz signal is injected to locate the fault by the change of
zero-sequence voltage and current. However, the 50 Hz signal
injected into the distribution network will increase the fault
current and threaten the insulation safety of the system. The
frequency of sinusoidal AC signal injected in [26]–[29] is
220 Hz. It is pointed out that the third harmonic (150 Hz)
has a large interference. The frequency selection method
avoids harmonic interference, but it is difficult to realize line
selection when the grounding resistance is large.

In order to solve the above problems, a fault line selection
method based on AC signal injection is proposed. During
the normal operation of the distribution network, the param-
eters of the distribution network are monitored in real time
through periodic signal injection and analysis. The mathe-
matical model is extracted to detect the operation changes of
the distribution network. After the fault occurs, the injection
signal frequency is dynamically selected according to the
previous distribution network system model. In this way,
more injection signals flow into the fault line and improve the

accuracy of line selection. In sampling signal processing, all
phase Fast Fourier Transform (APFFT) is adopted to solve the
problem of spectrum leakage caused by non-integer sampling
period. The spectrum of injection signal can be obtained
completely [30]–[34]. The active power consumption of the
injected signal in each line is used as the fault line selection
criterion to improve the anti-interference ability.

The rest of this article is organized as follows:
Section II analyses the principle of signal injection method.
In Section III, the real-time monitoring algorithm of each
parameter in the normal operation of distribution network
is proposed. Section IV describes the algorithm of dynamic
selection of signal frequency after fault. In section V, APFFT
is proposed to process the sampled signal and obtain the
spectrum. In section VI, criterion of fault line selection is
proposed. Section VII and Section VIII are the analysis of
simulation and experiment results respectively. Conclusions
are drawn in Section IVV.

II. FAULT LINE SELECTION PRINCIPLE OF SIGNAL
INJECTION METHOD
The schematic diagram of fault line selection by signal injec-
tion method is shown in Fig. 1, which shows the distribution
network system with N outgoing lines. When the switch K is
disconnected, the distribution network operates in the mode
of neutral point ungrounded. When K is closed, the dis-
tribution network operates in resonant grounding mode. G
point is the ground fault point, RG is the grounding transition
resistance. The neutral point of distribution network is led out
from the grounding transformer. An external signal source

FIGURE 1. Schematic diagram of fault line selection by signal injection
method.
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with controllable frequency is connected and injected into the
transformer to access the neutral point.

The three-phase parameters of grounding transformer and
each line are usually symmetrical. The three-phase dis-
tributed capacitance to ground can be considered to be
basically equal. Therefore, the amplitude and phase of the
three-phase current induced by the injection current at the
high-voltage side of the grounding transformer are equal.
The injected current and its voltage can be analyzed accord-
ing to the zero-sequence signal. After the current signal
is injected from the injection transformer, the current sig-
nal with the same frequency will be generated through the
grounding transformer at the high-voltage side of the distri-
bution network. It will generate zero-sequence voltage with
corresponding frequency in the grounding transformer and
the line.

When the distribution network works normally, the neu-
tral point voltage is close to zero. When the current signal
is injected into the neutral point, the distribution network
parameters can be calculated by sampling the voltage and
current values at the injected signal. In this article, the mathe-
matical models of ungrounded neutral point system and reso-
nant grounding system are established respectively to realize
the real-time parameter monitoring of distribution network.
In case of single-phase fault, the neutral point voltage will
rise to the maximum phase voltage under normal condition.

After the grounding fault occurs, the neutral point voltage
changes suddenly. The signal source injects a certain fre-
quency signal into the distribution network, and samples the
voltage vector and current vector at the injection end. Then
the signal is sampled at the starting point of each outgoing
line. Since the frequency of the injected signal is selected
according to the real-time data of the distribution network,
more injected signals will flow into the fault point. By ana-
lyzing the injection signal of each line, fault line selection can
be realized.

The signal injection method adopts the secondary side to
monitor the comprehensive parameters of the distribution
network and fault line selection, which has high security.
The interference of primary side operation on the normal
operation of power grid is avoided, and the security risk is
reduced.

III. REAL TIME MONITORING OF DISTRIBUTION
NETWORK PARAMETERS
In order to realize the dynamic selection of injection signal
frequency for fault line selection, the mathematical model of
distribution network in normal operation should be extracted
in real time. The existing monitoring methods of distribution
network parameters need to be measured at the primary side
when the distribution network stops working. This method
will affect the continuity of power supply. There is a certain
deviation between the measurement of parameters when the
distribution network stops running and the actual operation.
In this article, three frequency injection signal method is
proposed to monitor the parameters of distribution network in

real time under the normal operation. The method can ensure
the power supply continuity of the distribution network. The
measurement process of on-line monitoring distribution net-
work parameters by signal injection method does not involve
the primary side of the system. Even in normal operation,
there is no hidden danger of high voltage, which can ensure
the safety of personnel and equipment.

Fig. 2 shows the equivalent circuit model of resonant
grounding system. Sampling is conducted at the same time
of signal source injection. İ is the injected current and U̇ is
the voltage generated by the injected current.

FIGURE 2. Overall equivalent circuit diagram of distribution network
system.

As shown in Fig. 2, Rx is the equivalent resistance of the
arc suppression coil, Lx is the equivalent inductance of the arc
suppression coil,Rt is the equivalent resistance of the ground-
ing transformer and the line, Lt is the equivalent inductance
of the grounding transformer, andC0 is the overall distributed
capacitance to the ground of the distribution network.

A. PARAMETERS MONITORING OF UNGROUNGED
NEUTRAL SYSTEM
The traditional distribution network with small capacity still
adopts the neutral point ungrounded operation, without con-
sidering the effect of arc suppression coil. The equivalent
circuit of the system is shown in Fig. 3, and the parameters
are defined as shown in Fig. 2.

FIGURE 3. Equivalent circuit diagram of neutral ungrounded system.
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The impedance value Z of the whole system is as follows:

Z =
U̇

İ
= Rt + jωLt +

1
jωC0

(1)

where, ω = 2π f , f is the frequency of the injected sig-
nal. Three current signals with constant amplitude and fre-
quency of ω1, ω2 and ω3 are injected into the neutral point
of distribution network in three times. Three corresponding
zero-sequence voltages can be measured at the injected sig-
nals. Then the impedance Z1, Z2, and Z3 of the system can be
calculated when the signal is injected three times, as shown
in equation (2).


|Z1|2 = R2t + (ω1Lt −

1
ω1C0

)2

|Z2|2 = R2t + (ω2Lt −
1

ω2C0
)2

|Z3|2 = R2t + (ω3Lt −
1

ω3C0
)2

(2)

The total distributed capacitance C0 of the system
can be calculated by the impedance formula correspond-
ing to the three injections in equation (2), as shown in
equation (3).

C0

=

[
ω2
1(|Z2|

2
−|Z3|2)+ω2

2(|Z3|
2
−|Z1|2)+ω2

3(|Z1|
2
−|Z2|2)

(ω2
3−ω

2
2)/ω

2
1+(ω

2
1−ω

2
3)/ω

2
2+(ω

2
2−ω

2
1)/ω

2
3

]− 1
2

(3)

B. PARAMETER MONITORING OF NEUTRAL RESONANT
GROUNDING SYSTEM
At present, most of the distribution network lines put into use
are grounded by arc suppression coil, which makes online
monitoring more difficult. At present, the on-line monitoring
of the operation mode parameters needs to be carried out by
using the measurement method of neutral point ungrounded
system after the arc suppression coil is out of operation. In this
article, the admittance model of the system is established
after the triple frequency signal is injected. The real-time
data monitoring of distributed capacitance and arc suppres-
sion coil is realized in the distribution network with the
neutral resonant grounding in normal operation. Convert the
circuit shown in Fig. 2 into admittance model, as shown
in Fig. 4.

Where, Rx ′ is the admittance value of arc suppression coil
impedance, Lx ′ is the admittance value of arc suppression
coil inductance, Rt ′ is the admittance value of grounding
transformer and line impedance, Lx ′ is the admittance value
of inductive reactance of grounding transformer and line,
and C0

′ is the admittance value of distributed capacitance
reactance. According to Fig. 2 and Fig. 4, the admittance

FIGURE 4. Equivalent admittance diagram of neutral resonant grounding
system.

values of the above items can be deduced as follows:

Rt ′ =
Rt

R2t + (ωLt − 1/ωC0)2

C0
′
=

j

ωC0R2t + ωC0(ωLt − 1/ωC0)2

Lt ′ = −
jωLt

R2t + (ωLt − 1/ωC0)2

Rx ′ =
Rx

R2x + ω2L2x
Lx ′ = −

jωLx
R2x + ω2L2x

(4)

The function of arc suppression coil is to use its induc-
tive reactance to counteract the capacitance reactance of dis-
tributed capacitance. Therefore, the reactance value in the
impedance model of arc suppression coil is much greater
than the resistance value. The reactance value of grounding
transformer and distribution network line is also much greater
than the resistance value under the action of high frequency
signal. Therefore, when calculating the parameters of the
injected signals of the distribution network with the neutral
resonant grounding, the frequency should be larger (more
than 200Hz). When the injection frequency is larger, the rela-
tionship between Rx , Rt , Lx and Lt is shown in equation (5).ω

2L2x � R2x

(ωLt −
1
ωC0

)2 � R2t
(5)

Replace the relationship of equation (5) into equation (4).
After injecting high frequency signal, the total admittance of
the simplified system can be obtained. The admittance value
Y is shown in equation (6).

Y =
İ

U̇
=

Rt
(ωLt − 1/ωC0)2

+
Rx
ω2L2x

+ j(
ωC0

1− ω2LtC0
−

1
ωLx

) (6)

The imaginary part of the corresponding system admit-
tance is obtained by injecting three high frequency signals.
The imaginary parts B1, B2 and B3 of the three admittances
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are as follows:

B1 =
ω1C0

1− ω2
1LtC0

−
1

ω1Lx

B2 =
ω2C0

1− ω2
2LtC0

−
1

ω2Lx

B3 =
ω3C0

1− ω2
3LtC0

−
1

ω3Lx

(7)

The values of arc suppression coil and distributed capaci-
tance can be obtained by connecting the three imaginary parts
of admittance in equation (7). The coefficients are as follows:

k1 =
ω2
3(ω

2
2 − ω

2
1)

ω2B2 − ω1B1

k2 =
ω2
2(ω

2
3 − ω

2
1)

ω3B3 − ω1B1

k3 =
ω2
1(ω

2
3 − ω

2
2)

ω3B3 − ω2B2

(8)

The inductance Lx of the arc suppression coil is obtained
as follows:

Lx =
k2 − k1

ω2
1(ω

2
2 − ω

2
3)+ ω1B1(k1 − k2)

(9)

The overall distributed capacitance C0 of distribution net-
work is obtained as follows:

C0 =
(ω2

1−ω
2
2)(ω

2
3 − ω

2
2)(ω

2
1 − ω

2
3)

ω2
1(k2 − k3)(ω

2
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2
3(k1 − k2)(ω

2
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2
2)

(10)

Since the frequency selection of the injection signal takes
into account the signal flow direction on the high voltage side,
the main parameters required are the distributed capacitance
and arc suppression coil. These parameters can be obtained
by (3), (9) and (10).

IV. FREQUENCY OF INJECTED SIGNAL IN FAULT LINE
SELECTION
Due to the distributed capacitance in each line of distribution
network, the shunt of injected signal is inevitable. In normal
operation of distribution network, the proportion of injected
signal flowing into each line is directly proportional to the
size of distributed capacitance. After single-phase grounding
fault in distribution network, the proportion of injected signal
flowing into each normal line is also related to the size of
distributed capacitance and arc suppression coil. In order to
ensure that the signal flows into the fault line as much as
possible, different injection frequency should be selected for
different distribution network systems.

The two most common forms of small current grounding
system are ungrounded neutral point and resonant ground-
ing. Because the mathematical models of the two ground-
ing modes are different, the selection of injection frequency
should be analyzed separately from the two groundingmodes.
Because the three-phase parameters of grounding transformer
are symmetrical, the voltage drop formed by injected signal
is the same. The distribution network equivalent injection
signal flow diagram mainly considers the parallel effect of

distributed capacitance and arc suppression coil. It has been
known that the value of distributed capacitance and arc sup-
pression coil can be monitored in real time when the distribu-
tion network is working normally.

A. SELECTION OF INJECTION FREQUENCY FOR
UNGROUNDED NEUTRAL SYSTEM
After the fault occurs in the ungrounded neutral system,
the flow direction of the injected signal in the distribution
network system is shown in Fig. 5. Among them, İin repre-
sents the corresponding value of injection current at primary
side, İC represents injection current flowing into distributed
capacitance of non-fault line, İG represents injection current
flowing into fault point, RG represents fault grounding resis-
tance of distribution network, and C0 represents distributed
capacitance.

FIGURE 5. Signal flow diagram of ungrounded neutral system.

Therefore, İin = İG + İC , The current İG flowing into the
fault line is:

İG =
1

1+ jωC0Rg
İin (11)

The amplitude
∣∣İG∣∣ of the current flowing into the fault line

is shown in (12).

|İG| =
1√

1+ (ωC0Rg)2
|İin| (12)

where, ω = 2π f , f is the frequency of the injected signal.
From equation (12), it can be seen that in the distribu-

tion network system with ungrounded neutral point, low
frequency signal should be injected as much as possible to
improve the accuracy of fault line selection.

B. SELECTION OF INJECTION FREQUENCY FOR NEUTRAL
RESONANT GROUNDING SYSTEM
Resonant grounding ismore commonly seen in highly capaci-
tive distribution network. The flowdirection of injected signal
through arc suppression coil grounding distribution network
is shown in Fig. 6.
Lx represents the arc suppression coil and İL represents

the injection current flowing into the arc suppression coil.
The meaning of other values is the same as that in Fig. 5.
Therefore, İin = İG+ İC+ İL , the current İG flowing into the
fault line is shown in (13).

İG =
jωLx

Rg + jωLx − ω2C0LxRg
İin (13)
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FIGURE 6. Signal flow diagram of neutral resonant grounding system.

The amplitude
∣∣İG∣∣ of current flowing into the fault line is

shown in (14).

|İG| =
1√

1+ (ωC0Rg − Rg/ωLx)2
|İin| (14)

From the (14), the injection frequency of the maximum
amplitude of the injected signal flowing into the fault line can
be obtained. The injection frequency f is as follows:

f =
1

2π
√
C0Lx

(15)

From the above formula (15), it can be seen that the fre-
quency selection of the injected signal of the resonant ground-
ing system makes the arc suppression coil and the distributed
capacitance have parallel resonance. Although resonance
over-current will appear in inductor and capacitor, they cancel
each other, which is equivalent to mutual compensation of
reactive power. It will not affect active power judgment for
fault line selection. The amplitude of the injected signal is
small and the injection time is short, which will not have
a great impact on the power grid. The configuration of arc
suppression coil in different distribution networks is different,
so the corresponding injection frequency should be calculated
according to formula (15) combined with the parameters of
distribution network.

V. APFFT PROCESSING DATA
In the process of fault line selection based on signal injection
method, neutral point voltage in distribution network and
the voltage and current value of each outgoing line need to
be sampled. Accurate frequency domain transformation of
sampled data is an indispensable condition for high-precision
fault line selection.

In the process of distribution network data sampling,
it means that the signal is truncated, the truncated signal is
periodically extended. The Discrete Fourier transform (DFT)
and Fast Fourier transform (FFT) can be used to obtain the
corresponding frequency domain signal. In the truncation
process, because the truncated signal is not the entire period
of the original signal, the spectrum leakage phenomenon will
occur. The calculated spectrum will have error with the real
value. Distribution network fault waveform is very complex,
it is difficult to achieve the whole period sampling. It will
lead to two adjacent continuation wave form is not smooth

transition, that is to say, truncation error will be introduced.
Therefore, APFFT is used to solve the problem of spec-
trum leakage and get accurate frequency domain data and
its own phase invariance. The phase can be obtained without
correction.

The core of all phase processing is to reduce the influence
of signal truncation error, therefore the truncation at the center
of the signal is calculated. N-point APFFT needs 2N − 1
data for all phase processing which are then divided into
N-segment data. The number of each segment is N, and it
is added circularly at the center of the data. The all phase
preprocessed data of N-point is obtained. Fig. 7 shows the
system structure of APFFT.

FIGURE 7. APFFT system structure diagram.

The power frequency 50Hz fundamental wave and har-
monic signals of power grid mostly exist in the form of
sinusoidal signal. Therefore, different sinusoidal signals can
be used as the original signal to simulate the actual situation
of injecting different frequency signals into the power grid.
According to Euler formula, sine signal can be written as
exponential signal. Therefore, in order to facilitate the deriva-
tion process, it is assumed that the exponential signal is the
original signal. The original signal f (n) can be expressed as
follows:

f (n) = ej(ω0n+ϕ0) (16)

where, −N ≤ n ≤ N − 1. First, the signal is analyzed by
ordinary FFT spectrum, and then calculated according to the
definition of FFT, as shown in (17). The result F(K ) of FFT
can be expressed as follows:

F(k) =
1
N

N−1∑
n=0

f (n)e−j
2π
N nk

=
1
N

N−1∑
n=0

ej(
2π
N k0n+ϕ0)e−j

2π
N nk

=
1
N

sin[π (k0 − k)]
sin[π (k0 − k)/N ]

ejϕ0ejπ (
N−1
N )(k0−k) (17)

Next, the spectrum of APFFT is analyzed. APFFT consists
of all phase data preprocessing and FFT. All phase processing
data is shown in Fig. 7. The all phase preprocessing method
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used in this article is that there are still N data after the shift
of center cycle f(0), as shown in (18).

f0 = [f (0), f (1), . . . , f (N − 1)]

f1 = [f (−1), f (0), . . . , f (N − 2)]

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

fN−1 = [f (−N + 1), f (−N + 2), . . . , f (0)] (18)

The data after all phase preprocessing is shown in equa-
tion (18). According to the linear and frequency shift char-
acteristics of DFT, the data after all phase processing can
be equivalent to N groups of original data. After frequency
shift, DFT analysis and linear superposition are conducted.
Assuming that the discrete Fourier transform corresponding
to fi is Fi(k), the corresponding APFFT result FAP(K ) is
shown in (19).

FAP(k) =
1
N

N−1∑
m=0

Fm(k)ej
2π
N mk

=
1
N 2

sin2[π (k0 − k)]

sin2[π (k0 − k)/N ]
ejϕ0 (19)

It can be seen from (17) and (19) that the amplitude
of APFFT is the square of the amplitude of ordinary FFT,
indicating a stronger suppression effect on the side lobe and
highlight of the main spectral line in the amplitude spectrum.
Therefore, it has a certain effect on suppressing spectrum
leakage. Through the formula of APFFT, it can be seen that in
the phase spectrum of APFFT, each spectral line corresponds
to the initial phase. The phase spectrum of ordinary FFT has
spectrum offset. Therefore, the phase spectrum of APFFT can
accurately reflect the initial phase without correction.

In MATLAB simulation, five signals are generated and
superimposed. The results of APFFT and windowed FFT are
shown in Fig. 8 and Fig. 9. The side lobe value of APFFT
main spectral line in Fig. 8 is only half of that of FFT. The
phase spectrum value of APFFT in Fig. 9 is the initial phase
of corresponding frequency signal. However, the original
phase spectrum of windowed FFT is not corrected, there
is spectrum offset phenomenon. Therefore, the suppression
function of APFFT on spectrum leakage and horizontal initial
phase characteristics can be verified. APFFT can extract the
injection current and voltage vector values more effectively
when processing the sampled signal.

VI. FAULT LINE SELECTION CRITERIA
When single-phase grounding fault occurs in distribution
network, the injected signal will produce active power and
reactive power in each line. But the fault line will consume
more active power because of the transition resistance. There-
fore, the anti-interference ability of the injection method can
be improved by comparing the active power consumption of
the injected signal in each line.

When the distribution network works normally, the three
phases are balanced and the neutral point voltage is close to
zero. After the fault occurs, the three-phase balance is broken

FIGURE 8. Comparison of amplitude spectra between APFFT and FFT.

FIGURE 9. Comparison of phase spectra between APFFT and FFT.

and the neutral point voltage is close to the normal phase
voltage.

According to the state grid distribution network fault judg-
ment data, the judgment condition of neutral point voltage
location fault occurrence is determined. When the neutral
point voltage amplitude exceeds 20% of the normal phase
voltage amplitude, it is considered that the fault occurs,
as shown in equation (20). Where,U0 is the effective value of
neutral point voltage and UA is the effective value of normal
operating phase voltage.

U0 > 20%∗UA (20)

When the power grid is normal, inject the signal with equal
interval, and sample the neutral point voltage valueU0. When
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the neutral point voltage is higher than 20% of the normal
phase voltage, the signal is injected into the neutral point
again immediately. The voltage U̇i generated by the injection
signal in each line is sampled. The injected signal from each
line is İi. The angle θi between U̇i and İi is obtained after
processing the data byAPFFT. The active power consumedPi
by the injected signal in each line is shown in equation (21).
Where, i = 1, . . . ,N , N is the N lines of the distribution
network.

Pi =
∣∣U̇i∣∣ ∣∣İi∣∣ cos θi, i = 1, . . . ,N (21)

The maximum value of Pi is Pa, and the second largest
value is Pb. Kf is the judgment value of line selection
accuracy, as shown in equation (22). When equation (22) is
satisfied, the fault line can be accurately selected. The line
corresponding to Pa is the fault line.

Kf =
Pa
Pb

> 1.5 (22)

VII. SIMULATION VERIFICATION
A. ESTABLISHMENT OF DISTRIBUTION NETWORK
SIMULATION MODEL
The fault line selection simulation is carried out in Mat-
lab/Simulink. The passive method and injection method are
respectively simulated. The YJV23 cable is selected after
the cable parameters are inquired. The resistance matrix,
inductance matrix and capacitance matrix of the simulation
are shown in Tab. 1.

TABLE 1. Simulation cable parameters.

In order to simulate the real situation of distribution net-
work, four outgoing lines with different lengths are simulated.
The simulation results are analyzed under different neutral
operation modes and different grounding resistance.

B. EXTRACTION OF INJECTION SIGNAL BY APFFT
In the actual distribution network fault situation, data sam-
pling will be disturbed by noise. In order to verify the anti-
jamming ability of APFFT, noise is added to the injected
signal in the simulation process. APFFT is used to extract
the injection signal and analyze the error. The signal to noise
ratio (SNR) is taken as 10dB. The results are shown in Tab. 2.
APFFT has high accuracy for the extraction of injected sig-
nals with interference.

C. SIMULATION OF FAULT ZERO-SEQUENCE CURRENT
The steady-state passive method is mainly used in the early
development of distribution network, with simple structure
and small capacity. Compared with other non-fault lines, the
amplitude of zero-sequence current of fault line is the largest,
and its phase difference is 180 degrees. The zero-sequence

TABLE 2. Simulation of APFFT effect.

FIGURE 10. Fault zero-sequence current diagram of ungrounded neutral
system.

current waveform of each line after fault is shown in Fig. 10.
It can be seen that the amplitude and phase of zero-sequence
current of fault line are different from those of the three
normal lines. The zero-sequence current of normal line is also
different due to the difference of line length and parameters.

At present, resonant grounding operation mode is gen-
erally adopted in large capacity distribution network. Arc
suppression coil is connected to neutral point to compensate
distributed capacitance, so as to reduce capacitance current
caused by grounding fault. However, due to the compensation
of arc suppression coil, the amplitude and phase of zero-
sequence current of each line are irregular in steady state.
Therefore, it is difficult to realize accurate line selection by
steady-state method. The zero-sequence current after reso-
nance grounding system fault is shown in Fig. 11.

FIGURE 11. Fault zero-sequence current diagram of neutral resonant
grounding system.
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At the moment of fault, the zero-sequence current of fault
line is the largest. The compensation of arc suppression coil
makes the grounding current decrease rapidly. Therefore,
the fault line cannot be identified according to the amplitude
phase relationship. In theory, the transient passive method is
effective, to solve the problem of single-phase fault in res-
onant grounding distribution system. However, the transient
process is generally short after the fault occurs, which makes
it difficult to sample the fault waveform in engineering.
As shown in Fig. 10 and Fig. 11, the transient process after the
fault occurs is only tens of microseconds. The signal injection
time and sampling time of the active line selection method
can be controlled, and the influence of fault on the accuracy
of line selection is minimal.

D. SIMULATION OF DISTRIBUTION NETWORK
PARAMETER MONITORING
In order to verify the accuracy of three frequency injection
method in distribution network parameter monitoring, dif-
ferent distribution network parameters are set for simula-
tion in neutral ungrounded and resonant grounded systems.
At the beginning of the simulation, the distribution network
is in normal operation. At this time, the signal is injected
three times and the values of distributed capacitance and arc
suppression coil are calculated according to equation (3),
(9) and (10). The results are shown in Tab. 3 and Tab. 4.
Where, C0 and L0 are simulation set values of distributed
capacitance and arc suppression coil respectively, C1 and L1
are simulationmeasured values of distributed capacitance and
arc suppression coil respectively.EC is themeasurement error
of distributed capacitance and EL is the measurement error of
arc suppression coil, as shown in equation (23).

EC =
C1 − C0

C0
∗ 100%

EL =
L1 − L0
L0

∗ 100%
(23)

From Tab. 3 and Tab. 4, it can be seen that the injected
three frequency signal method has high accuracy in parameter
monitoring of normal distribution network.

TABLE 3. Parameter monitoring of ungrounded neutral system.

TABLE 4. Parameter monitoring of neutral resonant grounding system.

E. EFFECT OF INJECTION FREQUENCY SELECTION
The distribution network system corresponding to 16.538 uF
distributed capacitance in Tab. 3 and Tab. 4 is selected for
simulation. The frequency of the injected signal is dynami-
cally selected by equation (12) and equation (15) respectively
for the neutral ungrounded system and resonant grounded
system. The frequency of the injected signal is 10Hz for
the neutral ungrounded system and 60Hz for the resonant
grounded system. In order to compare the advantages of
dynamic selection of injection signal frequency, the 220 Hz
injection frequency used in [26]–[29] and the injection fre-
quency in this article are simulated. Combined with the fault
line selection criteria in section VI, the two frequency selec-
tion effects are compared.
PG is the active power consumption of fault line injection

signal, and PN is the active power consumption of all injec-
tion signals. In order to compare the effect of frequency selec-
tion, the parameter Kin represents the proportion of active
power consumption of fault line injection signal in the whole.
Kin is defined as follows:

Kin =
PG
PN
∗ 100% (24)

The active power consumption ratio of the injected signal
at different frequencies is shown in Fig. 12 and Fig. 13. When
the fault ground resistance is large, it is difficult to realize
high resistance line selection with 220 Hz fixed frequency
injection signal. Themethod of dynamic selection of injection
signal frequency can greatly improve the accuracy of fault
line selection.

FIGURE 12. Effect of injection frequency selection in ungrounded neutral
system.

F. SIMULATION OF FAULT LINE SELECTION
In order to verify the effect of fault line selection algorithm
in this article, the traditional fault line selection method is
compared with the proposed method. In [26]–[29], 220 Hz
injection signal is used, and the corresponding line selection
criterion is the maximum value of each line injected signal.
The criterion of fault line selection in this article is the active
power consumption of injected signal in each line. In order
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FIGURE 13. Effect of injection frequency selection in neutral resonant
grounding system.

to compare the difference between the method in [26]–[29]
and the method in this article, equation (25) is the judging
mark of accurate line selection in [26]–[29]. Where, Ia is
the maximum value of each line injected signal, and Ib is
the second largest value of each line injected signal. The size
of Ks represents the accuracy of traditional injection method.
Ks is defined as follows:

KS =
Ia
Ib
> 1.5 (25)

On the basis of the above simulation, the amplitudes
of injected signals corresponding to the four lines after
220 Hz injection signal rate are I1, I2, I3 and I4 respectively.
The corresponding line selection criterion KS is calculated
according to equation (25). When equation (25) is satisfied,
the result of fault line selection is correct. The corresponding
results of the two distribution network systems are shown in
Tab. 5 and Tab. 6.

The simulation sets the first line as the fault line and
the rest lines as the normal line. When the fault grounding

TABLE 5. Fault line selection based on fixed frequency and amplitude
comparison in ungrounded neutral system.

TABLE 6. Fault line selection based on fixed frequency and amplitude
comparison in neutral resonant grounding system.

resistance of the neutral point ungrounded system reaches
nearly 1000 � and the neutral point resonant grounding
system reaches nearly 500�, the method in [26]–[29] cannot
achieve accurate line selection. When the grounding tran-
sition resistance is large and the frequency selection is not
appropriate, the proportion of injected signal shunting into
the normal line will increase. The anti-interference ability of
this line selection is poor.

The simulation results of line selection using frequency
dynamic selection and active power consumption are shown
in Tab. 7 and Tab. 8. Where, the active power values of each
line are P1, P2, P3 and P4 respectively. The corresponding
Kf value satisfies equation (22), which means that fault line
selection can be carried out accurately. Under the two oper-
ation modes of neutral point, the fault grounding resistance
of 4000 � can be reached, and the fault line selection can
still be accurate. Because of this method, the frequency of
the injected signal is no longer a fixed value, and it has strong
adaptability to different systems. In addition, the active power
consumption of the injected signal in each line is used to
select the fault line. The error caused by the normal line
to the injected signal shunting is greatly suppressed. In the
simulation, the Kf value is much larger than the set reference
value. Even when the grounding resistance is large, the fault
line selection can be realized.

TABLE 7. Fault line selection based on dynamic frequency and power
comparison in ungrounded neutral system.

TABLE 8. Fault line selection based on dynamic frequency and power
comparison in neutral resonant grounding system.

VIII. LABORATORY EXPERIMENT
A600V four outlet analog distribution network system is built
in the laboratory. The overall structure of the experimental
system is shown in Fig. 1 and the experimental site is shown
in Fig. 14. A high-power resistor is connected to one of
the lines to simulate the single-phase ground fault. Then
the whole system is short-term grounded. The power supply
is disconnected immediately after the fault line selection is
completed.
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FIGURE 14. Experimental setup.

TABLE 9. Experimental results of fault line selection in 600 V resonant
distribution network.

In the experiments, the resonant grounding system with
large distributed capacitance was tested. This is because tests
with arc suppression coil are safer to conduct in laboratory
due to its current suppression characteristics. More impor-
tantly, the line selection in arc suppression coil presents the
most challenge to line selection. Therefore, it is more suitable
to verify the effectiveness of the proposed method.

The analog distribution network system consists of a
three-phase transformer, as shown in Fig. 14, which outputs
three-phase 600V voltage. Then connects to the grounding
transformer to lead out the neutral point of the distribution
network. The arc suppression coil and injection transformer
are connected at the neutral point, and the injection sig-
nal source is connected through the injection transformer.
Zero-sequence transformer is added to each line for signal
sampling. The injected signal is equivalent to zero-sequence
signal in three phases of each line. Therefore, zero-sequence
transformer can be directly used to extract the signal of
injection frequency after taking zero-sequence signal of each
line. Each line is connectedwith capacitors to emulate the dis-
tributed capacitance of distribution network, while different
power resistors are used to emulate grounding transition resis-
tance. When the grounding resistance of 3000� is simulated,
three high-power resistors with rated resistance of 1000� are
adopted in series.

The high-power resistor used in this experiment can over-
load 10 times for a short time and consume 5 seconds, which
meets the requirements of this experiment. According to
the simulation results in Fig. 11, the grounding current in the
grounding resistance is 3 to 5 times of the rated value at the
moment of the fault. But the duration is only a few hundred
microseconds. After the arc suppression coil compensation
process enters the steady state, the power resistance works
within the rated power. Therefore, the experiment can be
carried out.

The experimental results are shown in Tab. 9. The reli-
ability of the fault line selection method is verified. The
accurate line selection can still be realized in large capacity
distribution network with 3000 � high resistance grounding.

IX. CONCLUSION
In this article, a new fault line selection scheme based on
signal injection method for single-phase to ground fault line
selection in small current grounding system is proposed and
verified:

1) Signal injection method can solve the problems of low
accuracy of steady-state method in line selection of resonant
system and difficulty of transient fault instantaneous com-
plete sampling. The injection time and sampling of injection
method are controllable and not affected by fault degree and
environment.

2) The dynamic selection of injection frequency has strong
adaptability to the changes of distribution network system.
The injection signal can flow into fault line as much as
possible.

3) APFFT processes the sampled signal, highlights the
main lobe, suppresses the side lobe, and reduces the error
caused by spectrum leakage. Its horizontal phase character-
istics ensure the accuracy of phase.

4) The criterion of line selection does not compare the
amplitude of the injected signal, but the active power of the
injected signal after the fault, which improves the accuracy of
fault line selection.

5) The fault line selection method based on signal injection
proposed in this article can realize the fault line selection
under the condition of high resistance grounding interfer-
ence. Future work is to use the injected signal to realize
high-precision fault location, which makes the fault point
removal even faster.
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