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Abstract: Fault detection in microgrids is of great significance for power systems’ safety and stability.
Due to the high penetration of distributed generations, fault characteristics become different from
those of traditional fault detection. Thus, we propose a new fault detection and classification method
for microgrids. Only current information is needed for the method. Hilbert–Huang Transform and
sliding window strategy are used in fault characteristic extraction. The instantaneous phase difference
of current high-frequency component is obtained as the fault characteristic. A self-adaptive threshold
is set to increase the detection sensitivity. A fault can be detected by comparing the fault characteristic
and the threshold. Furthermore, the fault type is identified by the utilization of zero-sequence current.
Simulations for both section and system have been completed. The instantaneous phase difference of
the current high-frequency component is an effective fault characteristic for detecting ten kinds of
faults. Using the proposed method, the maximum fault detection time is 13.8 ms and the maximum
fault type identification time is 14.8 ms. No misjudgement happens under non-fault disturbance
conditions. The simulations indicate that the proposed method can achieve fault detection and
classification rapidly, accurately, and reliably.

Keywords: fault detection; instantaneous phase difference of current high-frequency component
(IPDCHC); Hilbert–Huang Transform (HHT); self-adaptive threshold; microgrid

1. Introduction

A microgrid is a small power supply system which contains distributed generations
(DGs), loads, energy storage devices, monitoring, protection, and automation equipment [1].
It has several advantages, such as high power efficiency and power supply reliability,
flexible operation and control mode, and low carbon emissions, which are beneficial to the
power system and society [2–4].

With the high-proportional and multi-typed integration of DGs into microgrids [5],
fault points in microgrids may be located very close to power sources. These faults may
cause customer interruptions, trips of DGs, and unstable voltage frequency, which have a
negative influence on system safety and stability [6]. Thus, faults should be rapidly and
accurately detected and cleared from a microgrid.

Fault detection, which is the key to the protection of a microgrid, plays an important
role in microgrid technique [7]. It can quickly determine the faults and facilitate fast
fault isolation and power service restoration. However, fault detection in microgrids is
largely different from traditional fault detection. Due to the penetration of DGs, power
flow becomes bidirectional. The fault currents can inject to the fault point from both the
upstream side and the downstream side [8]. The level of fault current provided by DG
varies according to the type of DG, power capacity, distance to the fault point, etc. [9].
Moreover, owing to the flexible operation modes and response to consumers, the operating
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status of microgrids is more complicated [10–12]. These features make fault characteristics
in microgrids more complex. Thus, rapid and accurate fault detection is urgently needed.
Related research has attracted a lot of attention in recent years [13–17].

Fault detection methods can be mainly classified into time-domain methods and
frequency-domain methods. Time-domain fault detection methods make the fault judg-
ment by collecting and analyzing voltage/current signals. To reduce the impact of DG
integration on distribution network protection, an algorithm based on voltage only was
proposed in [18]. Through load flow and sensitivity calculations, the protection function
was achieved. By comparing the calculated result with the threshold, faults can be detected
and located. The authors of [19] used the positive sequence currents amplitude at the
upstream and downstream of the fault point to locate the fault section. In this method,
state observer based on the system model must be built. Time-domain fault detection
methods are usually simple and rapid. However, the selection of threshold is difficult.
The selection of an inappropriate threshold may cause a fault to be misjudged or not
detected. Frequency-domain fault detection methods are achieved by the transformation
of time-domain signal to frequency-domain signal and data analysis. The authors of [20]
proposed a new algorithm for busbar protection based on Hilbert–Huang Transform. The
instantaneous amplitude of a travelling wave is extracted as the fault feature. Though
frequency-domain methods hold a higher accuracy and sensitivity, the calculations are
more complicated compared with time-domain methods. Moreover, the anti-interference
capacity and self-adaptivity should be improved in these methods. Machine learning
provides another method for fault detection [3]. The theory of this kind of method is
simple, and the method is easy to carry out with a high accuracy. However, the calculation
is complex. When the model parameters change, calculations should be completed again,
leading to a limited self-adaptive capacity.

After fault detection, fault classification is an important procedure to achieve split-
phase trip and reduce a fault’s effect on consumers in a microgrid [8,9]. This is one of the
developing trends in smart microgrids [21]. In [22], two classifiers based on voltage angle
and magnitude are proposed to determine the fault type. Only local information is needed
for computation. They are applicable both for microgrids with photovoltaic DGs and any
three-phase system. In [23], a new approach that uses a combination of wavelet functions
and machine learning for fault classification in microgrids is introduced. Particle swarm
optimization is applied to identify the optimal wavelet functions combination to extract
the most prominent features. Four different classification techniques are used to automate
the procedure of fault classification in microgrids. In [24], an intelligent data mining-based
fault detection and classification strategy for microgrids is proposed. The sensitive fault
features are extracted by preprocessing the faulted voltage and current signals through
Hilbert Transform. Fault classification is completed by training the AdaBoost classifier.

Based on the above analysis, accuracy and self-adaptivity are the key problems for
both the fault detection and fault classification of microgrids. In this paper, a frequency-
domain method is modified and improved for accurate fault detection. A self-adaptive
threshold setting method is studied to increase the self-adaptivity. Thus, a novel fault
detection and classification method is proposed. The instantaneous phase difference
of current high-frequency component (IPDCHC) is extracted as the fault characteristic.
Hilbert–Huang Transform (HHT) and the sliding window strategy are used during the
calculation. A self-adaptive threshold setting method is provided. On the basis of IPDCHC
and the self-adaptive threshold, a fault detection method is proposed. Taking zero-sequence
current into consideration, a fault classification method is further proposed. Simulations
for both section and system are completed with MATLAB/Simulink to test the validity of
the proposed method.

The remainder of the paper is composed of four sections as follows. The extraction
method and analysis of the proposed fault characteristic is described in Section 2. The fault
detection method and fault classification method are illustrated in Section 3. Simulation
results are provided and discussed in Section 4. Finally, the paper is concluded in Section 5.
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2. Fault Characteristic Extraction Method and Analysis

Fault characteristic is the key to the fault detection of microgrids. A fault characteristic
with a high sensitivity leads to rapid fault detection. Hilbert–Huang Transform is an
effective transform method for signal analysis. Thus, to achieve fast fault detection in
microgrids, a new fault characteristic extraction method is proposed based on HHT.

2.1. Hilbert–Huang Transform

HHT was firstly proposed by N. E. Huang et al. [25] in 1998. Developed on the basis of
Hilbert Transform, HHT can deal with both non-linear signals and non-stationary signals.
Moreover, it can also complete high-precision analysis in both time domain and frequency
domain. Owing to HHT’s good performance, it has been widely used in low-frequency
vibration signal analysis, power quality analysis, mechanical structure fault diagnosis, and
other fields [26,27].

HHT is composed of two parts: Empirical Mode Decomposition (EMD), and Hilbert Transform.

2.1.1. Empirical Mode Decomposition

The EMD can decompose any signal into a finite set of Intrinsic Mode Functions
(IMFs). The IMF can give a reasonable explanation for the instantaneous frequency of the
signal. An IMF should satisfy the following two conditions: (1) The difference between
the number of extreme points and the number of zero crossing points is no more than one.
(2) The envelope lines of the local maximum and local minimum are symmetric about the
time axis at any point.

The procedures of EMD are illustrated as follows.
STEP 1: Let k = 1.
STEP 2: Obtain the maximum envelope line bmax(t) and minimum envelope line

bmin(t) by fitting the maximum and minimum values of the signal s(t) with the cubic
spline curve.

STEP 3: Calculate the average value of the maximum envelope and minimum envelope
and obtain the mean envelope mk(t):

mk(t) =
bmax(t) + bmin(t)

2
. (1)

STEP 4: Obtain the kth component hk(t) using the following formula:

hk(t) = s(t)− mk(t). (2)

STEP 5: Judge whether the hk(t) meets the two abovementioned IMF conditions. If
hk(t) meets the IMF conditions, let hk(t) be the kth IMF component ik(t) and enter STEP 6;
otherwise, let s(t) = hk(t) and return to STEP 2.

STEP 6: Define the kth residual signal as rk(t), then:

rk(t) = s(t)− ik(t). (3)

Judge whether the rk(t) meets the terminal condition. If rk(t) meets the terminal
condition, the EMD process ends; otherwise, let s(t) = rk(t), k = k +1, and return to STEP 2.

The terminal condition mentioned above can be any one among the following three conditions:
(1) The r(t) is a constant;
(2) The r(t) is a monotonic function;
(3) The r(t) has only one extreme point.
Through EMD, IMF1 is the most high-frequency component of all the IMFs [28]. Thus,

in this paper, IMF1 is used for the following Hilbert Transform.
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2.1.2. Hilbert Transform

A time series signal X(t) can be transformed to signal Y(t) by Hilbert Transform
as follows:

Y(t) =
1
π

P
∫ +∞

−∞

X(ξ)

t − ξ
dξ (4)

In Equation (4), P is the Cauchy principal value.
When the two signals X(t) and Y(t) form complex conjugate, an analytic function

Z(t) can be constructed as:

Z(t) = X(t)− j · Y(t) = a(t)ejθ(t). (5)

In Equation (5), a(t) is the instantaneous amplitude of Z(t), and θ(t) is the instanta-
neous phase of Z(t). There are:

a(t) =
√

X2(t) + Y2(t), (6)

θ(t) = arctan
Y(t)
X(t)

. (7)

The instantaneous frequency f (t) can be further obtained through the following equation:

f (t) =
1

2π

dθ(t)
dt

. (8)

Based on the instantaneous amplitude and instantaneous phase, the time–frequency
domain analysis of the signal can be carried out.

2.1.3. Sliding Window Strategy

During fault characteristic extraction, real-time features should be ensured. However,
in HHT EMD requires a certain data length to ensure a valid IMF output. This leads to
the problems of time-consuming for fault characteristic extraction method using HHT. To
reduce the influence caused by data preparation, the sliding window strategy is used in
the proposed method. With this strategy, a sample with fixed length can be obtained by
the sliding of a fixed-length window under a fixed interval of time [29]. The sample is
updated through sliding along with time. After a fixed interval of time, some new data
come in and the old data of the same quantity in the rear are abandoned. An updated
sample with a fixed length is formed. In this way, the data for EMD can be prepared rapidly.
Moreover, the proper selection of sliding window parameters will further improve the
strategy’s performance.

2.2. Extraction and Analysis of the Fault Characteristics

A new fault characteristic based on HHT is proposed in this study. The instantaneous
phase of the current high-frequency component is calculated. By subtraction, the difference
between the instantaneous phases can be used as the fault characteristic for rapid fault
detection. The extraction process of the proposed fault characteristic is shown in Figure 1.
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Figure 1. Extraction process of the proposed fault characteristic.

Firstly, for a section, the three-phase currents of upstream node (IAi, IBi, ICi) and
downstream node (IAj, IBj, ICj) are collected. The certain phase currents’ difference (Id (IAd,
IBd, ICd)) and the certain phase currents’ sum (Ia (IAa, IBa, ICa)) can be obtained by vector
calculations. Taking phase A as an example, IAd and IAa can be calculated by the following
equations: {

IAd = IAi − IAj
IAa = IAi + IAj

. (9)

Secondly, a sliding window of each phase currents’ difference with a fixed length
is selected. In this paper, 200 sample points are used to build a sliding window. EMD
is carried out with the sliding window data. The current difference’s high-frequency
component of each phase (IFd (IFAd, IFBd, IFCd)) is extracted, which is the IMF1. The current
sum’s high-frequency component of each phase (IFa (IFAa, IFBa, IFCa)) is extracted in the
same way. IFi and IFj are defined as the node current’s high-frequency component, which
can be calculated by the following equations:{

IFi =
IFa(N)+IFd(N)

2
IFj =

IFa(N)−IFd(N)
2

. (10)

Finally, Hilbert Transform is carried out for each phase’s IFi and IFj. The instantaneous
phase of upstream node current’s high-frequency component and that of downstream
node current’s high-frequency component are obtained, which are defined as θi and θj.
After subtraction of the two instantaneous phases, the mean value of the subtractions’
absolute values is defined as the instantaneous phase difference of current high-frequency
component (IPDCHC) θk. The θk is extracted as the fault characteristic.

Fault simulation analysis has been completed for a microgrid with MATLAB/Simulink.
The simulation model and the related parameters are shown in Figure 2. Both sections
of double-ended power supply type and sections of power-load type have been taken
into consideration. Figure 2a is used as an example for fault characteristic analysis. The
sampling frequency of the signal is 5 kHz. A metallic ground fault is set 0.4 km away from
the upstream node. The fault occurs at 0.8 s. The waveform of the obtained IPDCHC is
shown in Figure 3.
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As can be seen from Figure 3, the IPDCHC of the fault phase displays an obvious
change after the fault occurrence. The IPDCHC maintains a low level (no more than 0.1 rad)
when there is no fault. However, when a fault occurs the IPDCHC increases remarkably
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and remains at around 3 rad. The simulation results of a single phase-to-ground fault
(a), a two phase-to-ground fault (b), a phase-to-phase fault (c), and a three-phase fault (d)
are shown in Figure 3. The conclusions are consistent for all the situations. IPDCHC can
distinguish the fault from normal situations, illustrating that IPDCHC can be used as a
fault characteristic.

3. Rapid and Self-Adaptive Fault Detection and Classification Method of Microgrid

IPDCHC has been verified as an effective fault characteristic. Thus, according to the
change feature of IPDCHC, the rapid fault detection of microgrids can be achieved. Fur-
thermore, by measuring the zero-sequence current, the fault type can be identified online.

3.1. Method Framework

The proposed method contains two parts: a fault detection method and fault clas-
sification method. The overall flow chart of the method is shown in Figure 4. Firstly,
node current data are collected. Then, the node data undergo a series of pre-processing
procedures, including inputting the three-phase currents, calculating the nodes’ phase
currents’ difference and phase currents’ sum, and selecting the parameters of the sliding
window. With the pre-processed data, HHT is carried out to extract the IPDCHC. The
self-adaptive threshold of IPDCHC is calculated. The effective value and the threshold of
zero-sequence current are acquired. By comparing the IPDCHC and its self-adaptive thresh-
old, fault detection can be achieved. By comparing the effective value and the threshold of
zero-sequence current, fault type can be identified. Finally, the results are output.
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3.2. Rapid and Self-Adaptive Fault Detection Method
3.2.1. Procedures of the Fault Detection Method

Fault detection is achieved by the comparing of IPDCHC and the self-adaptive thresh-
old. The flow chart of the fault detection method is shown in Figure 5. The θA, θB and θC
represent the IPDCHC of phase A, phase B, and phase C, respectively. The ψA, ψB and ψC
represent the threshold of each phase at the present moment.
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The specific procedures of the fault detection method are illustrated as follows:
(1) Initialization. Initialize P, θA, θB, θC, ψA, ψB, and ψC.
(2) Input data of the present moment. Input the node three-phase currents and the

sliding window parameters.
(3) Calculation. Calculate the IPDCHC and the threshold of each phase.
(4) Judgement. Compare the IPDCHC with the threshold for each phase. When the

IPDCHC exceeds the threshold for continuous P sampling points, judge that the fault hap-
pens in the corresponding phase. Otherwise, no fault happens in the corresponding phase.

(5) Output. Summarize and output the fault detection result of the present moment.
(6) Turn to the next moment and return to step (2).

3.2.2. Setting of Threshold

To achieve rapid, accurate, and reliable fault detection, a real-time setting method of
the threshold value is studied. This method makes the threshold self-adaptive. When there
is no fault, the threshold value is high enough to avoid misjudgment. When a fault happens,
the threshold value decreases sharply. Faults can be detected rapidly by comparing the
threshold and the IPDCHC. The threshold’s real-time setting equation is as follows:

Ψ = ηS

∣∣∣∣arctan
(

Ia

GId

)∣∣∣∣. (11)

Therein, ψ is the threshold; ηs is the security coefficient, generally set as 2; Ia is the
instantaneous amplitude of certain phase current sum’s high-frequency component; Id is the
instantaneous amplitude of certain phase current difference’s high-frequency component;
G is the sensitivity factor. G will affect the change extent of ψ and the detection method’s
anti-interference capacity. The bigger G is, the more obviously ψ decreases after a fault,
which may lead to the misjudgement of disturbance as fault. G is generally set as 100.

The calculation procedures of threshold are described as follows:
(1) Input the node currents.
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(2) Calculation. Based on HHT, the instantaneous amplitude of certain phase current
sum’s/difference’s high-frequency component is obtained.

(3) Using Equation (11), the threshold of IPDCHC is acquired and output.
(4) Turn to the next moment. Repeat the steps (1)–(3) to obtain the threshold of each

sampling point.

3.3. Fault Classification Method

With the fault detection result, the next step is fault classification. In the proposed
fault detection method, the fault phase is easy to identify according to IPDCHC. However,
the difficulty lies in the differentiating of two phase-to-ground fault and phase-to-phase
short circuit fault. The effective value of zero-sequence current is used in the proposed
method. The ground fault and the short circuit fault can be distinguished by comparing
the effective value of zero-sequence current and the threshold. The flow chart of fault
classification is shown in Figure 6. I0i and I0j are the effective values of zero-sequence
currents of the upstream node and downstream node.
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The zero-sequence current threshold setting equation is designed as follows:

Ith = ηx Iz. (12)

Therein, Ith is the threshold; Iz is 10 percent of the maximum effective value of phase
current; ηx is the security coefficient, generally set as 1.0~3.0.

The procedures of fault classification method are illustrated as follows:
(1) Initialization and data input. Input Q, node three-phase currents, the sliding

window parameters, and the fault detection result.
(2) Calculation. Calculate the effective value of zero-sequence current for both up-

stream node (I0i) and downstream node (I0j). Calculate the threshold with Equation (12).
(3) Fault type pre-classification. Input the fault detection result obtained in Section 3.2.

If the fault is single phase fault, the fault type is single phase-to-ground fault. Enter into
step 5. If the fault is three-phase fault, the fault type is three-phase fault. Enter into step 5.
If the fault is two-phase fault, enter into step 4.

(4) Fault type secondary identification. If the effective value of zero-sequence is bigger
than the threshold for continuous Q sampling points, the fault type is two phase-to-ground
fault. Otherwise, the fault type is two phase-to-phase fault.

(5) Output. Output the specific fault information including the fault phase and the
fault type.

(6) Enter into the next moment and repeat steps 1–6.
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4. Discussion

To test the proposed method, simulation is completed with MATLAB/Simulink.
Different situations for both section and system have been simulated and discussed.

4.1. Section Simulation
4.1.1. Simulation of Fault Conditions

A simulation is made for sections of double-ended power supply type and sections of
power-load type. The time consumed for fault detection and fault classification is recorded
to evaluate the detection time. The simulation model is shown in Figure 2. The fault ground
resistance is set as 0.01 Ω. The fault happens at 0.8 s. The sampling frequency of the current
signal is 5 kHz. Ten types of fault (A phase-to-ground fault (Ag), B phase-to-ground fault
(Bg), C phase-to-ground fault (Cg), A-B phase-to-ground fault (ABg), B-C phase-to-ground
fault (BCg), A-C phase-to-ground fault (ACg), A-B phase-to-phase fault (AB), B-C phase-
to-phase fault (BC), A-C phase-to-phase fault (AC), three-phase fault (ABC)) and different
fault locations are considered. The simulation results are shown in Figures 7 and 8.
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Figure 8. Simulation result of the power-load section.

Under all simulation circumstances, the fault is detected and identified correctly. For
all the simulation examples, the maximum fault detection time consumed is 1.2 ms. The
maximum fault classification time is 2.8 ms. The results illustrate that the proposed method
can detect faults rapidly and identify fault type accurately.

The detection of single phase high-impedance ground fault is also considered. Dif-
ferent ground resistances are set for simulation analysis based on the simulation model
shown in Figure 2. The time consumed for fault detection is shown in Table 1. The result
indicates that the proposed method can accurately detect a single phase ground fault with
a ground resistance no more than 1 kΩ. However, the time consumed for fault detection
increases with the rise in the ground resistance.

Table 1. High-impedance ground fault simulation result (ms).

Impedance/Ω
Double-Ended Power Supply Type Power-Load Type

Ag Bg Cg Ag Bg Cg

0.01 1.0 1.0 1.0 1.0 1.0 1.0
1 1.0 1.0 1.0 1.0 1.0 1.0

10 1.0 1.0 1.0 1.0 1.0 1.0
100 2.2 2.6 4.4 3.4 1.8 28.6
500 8.4 10.6 10.0 12.0 23.2 6.2

1000 13.0 158.0 12.0 8.2 167.8 44.8
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4.1.2. Simulation of Disturbance Situations

Non-fault disturbance may weaken the effectiveness of a fault detection method.
Thus, the simulation also considers the influence of disturbance, such as the connection
of distributed generation, the cutting off of load, and the frequency fluctuation. The
disturbance simulation model is shown in Figure 9. The disturbance simulation parameters
are listed in Table 2. The range of frequency fluctuation is 50 ± 0.5 Hz.
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Table 2. Disturbance simulation settings.

Time/s Load/% DG

0.6 100 On
0.65 100 Off
0.7 100 On
0.8 200 On
0.9 100 On

The simulation results are shown in Figure 10. The blue line represents the IPDCHC;
the black line represents the corresponding threshold; the red line represents the state of
trip signal. As seen from Figure 10, under the three disturbance simulation situations,
the IPDCHC remains lower than the threshold and the switch signal remains at low
level. This indicates that no misjudgment happens, and the proposed method has a good
anti-interference capacity.
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Figure 10. Simulation result of non-fault disturbance situation.

4.2. System Simulation

A microgrid system has two operation modes: grid-connected operation and island
operation. The system model is displayed in Figure 11. Faults have been set in each section
and 10 types of fault are all simulated. The fault ground resistance is 0.01 Ω and the fault
happens at 0.8 s. The sampling frequency is 5 kHz. The fault locations of each section are
listed in Table 3.
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Figure 11. System simulation model.

Table 3. Fault location settings.

Section L1 L2 L3 L4

Fault location From BUS0
0.2 km

From BUS1
0.7 km

From BUS0
0.4 km

From BUS2
0.3 km

The simulation results are shown in Figure 12. Under grid-connected operation mode,
the maximum fault detection time is 13.8 ms and the maximum fault type identification
time is 14.8 ms. Under island operation mode, the maximum fault detection time is
4.8 ms and the maximum fault type identification time is 5.8 ms. This illustrates that the
proposed method can rapidly and accurately achieve fault detection and fault classification
in a microgrid.
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5. Conclusions

A rapid and self-adaptive fault detection and classification method for microgrids is
proposed in this paper. The instantaneous phase difference of the current high-frequency
component (IPDCHC) extracted by HHT is used as the fault characteristic. The fault
detection is made by comparing the IPDCHC and the self-adaptive threshold. The effective
value of zero-sequence current is used to further identify the fault type. Thus, the complete
fault information can be obtained. Section simulations and system simulations have been
completed to test the proposed method.

The simulation results illustrate that the IPDCHC is an effective fault characteristic for
detecting ten kinds of faults. Due to the utilization of IMF1 and the self-adaptive threshold
setting method, fault detection can be carried out rapidly and accurately. The maximum
fault detection time is 13.8 ms and the maximum fault type identification time is 14.8 ms.
The proposed method can also be applied to both grid-connected and island operation
mode. No misjudgement happen under non-fault disturbance conditions, indicating that



Energies 2021, 14, 5040 15 of 16

the method shows good self-adaptivity and anti-interference capacity. Moreover, the
method can also detect single phase high-impedance ground faults. The maximum ground
resistance is 1 kΩ.
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