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Abstract: This paper has introduced an algorithm for the identification of islanding events in the
remotely located distribution grid with renewable energy (RE) sources using the voltage signals.
Voltage signal is processed using Stockwell transform (ST) to compute the median-based islanding
recognition factor (MIRF). The rate of change in the root mean square (RMS) voltage is computed
by differentiating the RMS voltage with respect to time to compute the voltage rate of change in
islanding recognition factor (VRCIRF). The proposed voltage-based islanding recognition factor
(IRFV) is computed by multiplying the MIRF and VRCIRF element to element. The islanding event
is discriminated from the faulty and operational events using the simple decision rules using the
peak magnitude of IRFV by comparing peak magnitude of IRFV with pre-set threshold values. The
proposed islanding detection method (IDM) effectively identified the islanding events in the presence
of solar energy, wind energy and simultaneous presence of both wind and solar energy at a fast rate
in a time period of less than 0.05 cycles compared to the voltage change rate (ROCOV) and frequency
change rate (ROCOF) IDM that detects the islanding event in a time period of 0.25 to 0.5 cycles.
This IDM provides a minimum non-detection zone (NDZ). This IDM efficiently discriminated the
islanding events from the faulty and switching events. The proposed study is performed on an
IEEE-13 bus test system interfaced with renewable energy (RE) generators in a MATLAB/Simulink
environment. The performance of the proposed IDM is better compared to methods based on the use
of ROCOV, ROCOF and discrete wavelet transform (DWT).

Keywords: distribution grid; islanding event; renewable energy; Stockwell transform

1. Introduction

Renewable energy (RE) provides clean energy to the consumers and reduces transmis-
sion losses when integrated to the grid in large quantum near-load centers. The structure
of the conventional power network has been modified, and the power network is smarter
and more efficient. In addition, problems arise because of grid convergence that urgently
needs to be solved. Unintentional islanding is an important problem that can lead to poor
quality of power (PQ), frequency instability and a risk to the personal safety of the consumer.
Hence, it becomes essential for detecting this scenario accurately and reliably to isolate
islanded network immediately [1]. According to the IEEE Std. 1547, the islanding event
should be identified within 2 s after it has an incident on the network. The methods of
islanding detection (IDMs) are graded into passive IDM, active IDM and hybrid IDM [2]. For
identification of the islanding, passive IDMs use under/over voltage, under/over frequency,
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voltage phase jump, voltage harmonics and current harmonics. The drawback of passive
methods is a large non-detection zone (NDZ). Injection of small disturbances at the point of
typical coupling (PCC) and identification of changes in device parameters are used in active
methods [3]. In [4], authors described a signal processing supported phaselet algorithm
for recognition of an islanding event. Considering a data window that is not limited to
an integer multiplication of a half-cycle, phaselets were used to compute phasors. These
phaselets are useful for measurement of the island and non-island scenario characteristics.
This has the benefit that the islanding detection role is performed without injecting a power
network interference or high frequency signal. This method is, therefore, more precise
and accurate. There is no reduction in the quality of power. In [5], authors included a
comprehensive review literature to compile the research activities already done by the
researchers in the field of islanding detection. Different reported techniques have been
reviewed, and their non-detection zone (NDZ) and speed of detection have been compared
and analyzed in detail. Further, analysis of the various anti-islanding standards has also
been considered. Hence, authors included good volume of information and clear vision to
researchers for determining the islanding method that best suits the particular application.
Recognition of islanding events using a Stockwell transform (ST)-based approach is reported
in [6]. Islanding recognition using ST and the Hilbert-transform-based method is reported
in [7,8]. In [9], the authors proposed a passive IDM using a hybridization of modified
slantlet transform (MSLT) and machine learning for islanding detection in the presence
of multiple distributed generation (DG) plants. MSLT is used to compute features for the
identification, and machine leaning is used to classify the islanding events from other distur-
bance events. This method has the merits of reduced impact of noise senility, easy section of
signal, fast training using a minimum dataset and low detection time. A method for identifi-
cation of islanding events for a grid-connected solar photovoltaic (PV) system using slantlet
transform, and differentiating these events from fault and switching events using ridgelet
probabilistic neural network (EPNN) is investigated in [10]. This approach is insensitive
to external grid disturbances and effectively detects islanding with good accuracy. In [11],
authors investigated an islanding recognition scheme that can be applied to microgrids.
This is based on the use of variational mode decomposition supported singular entropy.
It is effective in detecting islanding events in a time period of a half cycle. Further, power
electronics-based devices are employed recently for improving the performance of grids.
In [12], authors designed a control scheme based on grasshopper optimization algorithm,
which is less complex in nature to control the voltage of a dynamic voltage restorer (DVR)
and the improvement in quality of power in utility grids. A distributed flexible alternating
current (AC) transmission system (FACTS) stabilization scheme to effectively utilize the
distributed generation using wind power plants is introduced by the authors in [13]. It
provides high-speed controllability and maintains capability to correct power factor and
also provides voltage support. The main contributions of the paper are as follows:

• An islanding detection method (IDM) based on the use of voltage signals is proposed
in this paper.

• Features extracted from the voltage signal using the ST and rate of change in RMS
voltage are used to define a voltage-based islanding recognition factor (IRFV).

• Islanding events are discriminated from the faulty and operational events using simple
decision rules based on the peak magnitude of IRFV.

• Proposed IDM is effective to detect islanding events with minimum NDZ.
• Proposed IDM is more effective compared to the method based on the rate of change

in voltage and a discrete wavelet transform (DWT)-based method.

This manuscript is structured in eight sections. The first section introduces the pro-
posed research work, an exhaustive review of existing methods used for islanding recogni-
tion and research contribution of this manuscript. The test system of a remotely located
distribution grid, wind power plant and solar PV plant are described in Section 2. The
proposed voltage-based algorithm used for the identification of islanding events and
mathematical formulation are summarized in Section 3. The results of the simulation to
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identify islanding, operational and fault events are discussed in Section 4. The results for
the identification of NDZ are discussed in Section 5. The results to classify the islanding
events, fault events and operational events in different categories using the decision rules
supported by peak magnitude of the voltage-based IRF are illustrated in Section 6, and
Section 7 includes the study to compare the performance of the proposed algorithm with
the algorithms reported in literature. Finally, research conclusions and possible future work
are discussed in Section 8.

2. Test Grid of IEEE-13 Nodes

Various operational, islanding and defective events to evaluate the performance of the
proposed algorithm are simulated on an IEEE-13 node test system interfaced to wind and
solar power plants realized as a remotely located distribution grid. This test grid is designed
by the IEEE to operate at 60 Hz, 5 MVA and feeders/loads at two voltage levels of 4.16 and
0.48 kV. In the designed remotely located grid network, all the loads considered are balanced
in nature. This is assumed because even if there is a single-phase load, then the same will be
supplied from different phases so that a balanced load will be experienced at the sending end
of the feeder. The load quantum used for various nodes of the test remotely located grid are
tabulated in Table 1. Details of the capacitors used in the power network are also provided
in Table 1. All loads considered are constant active and reactive powers in nature and
connected in star configuration. Further, a wind power plant (WPP) of capacity 1.5 MW and
a solar power plant (SPP) of capacity 1 MW are integrated on the bus 680 of the test remotely
located grid, as detailed in Figure 1. Thus, for the purpose of grid integration of renewable
energy generators, node 680 of the remotely located distribution test grid will be considered
as the point of common coupling (PCC). WPP is based on the doubly fed induction generator
(DFIG) and integrated to the test grid using a transformer, which is assigned the symbol
T-WPP. Further, a photovoltaic (PV)-based solar power plant (SPP) of capacity 1 MW is
also integrated on node 680 of the remotely located distribution grid through a transformer,
which is assigned the symbol T-SPP. To sustain the nodes 633 and 634 at different voltage
levels of 4.16 and 0.48 kV in the respective order, a transformer designated by the T-feeder
is positioned between nodes 633 and 634. The test distribution grid is connected to the
large area power system network using a transformer, which is assigned the name Grid
interconnecting transformer (Grid-ICT). Table 2 includes descriptions of the voltage ratings,
MVA ratings, winding inductance and winding resistance. Lengths of the line segments
used in this analysis are the same as those recorded in [14,15] as in the original test method.
A circuit breaker is placed between the nodes 671 and 692. The wind power plant is designed
using the data reported in [16]. Further, the solar power plant is designed by the use of
the data reported in [17]. A voltage regulator connected between the nodes 650 and 632
has not been used in this study. Islanding relay for which the algorithm is designed is
placed at node 650, which is considered as the islanding relay location (IRL) node, which is
considered for the measurement of voltage and current.

Table 1. Loading status of test system.

Nodes of Test Distribution Grid
Load Connected at Various Nodes of Test Distribution Grid Capacitor Banks at Various Nodes of

Test Distribution Grid (kVAr)kW kVAr

634 400 290
645 170 125
646 230 132
652 128 86
671 1155 660
675 843 462 600
692 170 151
611 170 80 100

632–671 200 116
680
650
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Table 2. Data of transformer of test system.

Transformer Transformer
MVA Rating

kV-HV Winding
Transformer

kV-LV Winding
Transformer

HV Winding LV Winding

R (Ω) X (Ω) R (Ω) X (Ω)

Grid-ICT 10 115 4.16 29.095 211.60 0.1142 0.8306

T-Feeder 5 4.16 0.48 0.011 3.0159 0.011 3.0159

T-WPP 5 4.16 0.575 0.3807 2.7688 0.0510 0.0042

T-SPP 5 4.16 0.260 0.001 1.1310 0.001 1.1310

2.1. Solar PV System

The solar PV plant of capacity 1 MW was designed by connecting 10 units in parallel,
each of which are rated at a capacity of 100 kW. Every 100 kW was designed using an
array having 66 parallel strings, where each string has five series connected modules. Each
module consists of 96 solar cells. A single diode model was used for every solar cell design.
The current supplied by a PV array consisting of Np parallel and Ns series integrated solar
cells is given by the below mentioned relation:

I = NpIsc −NpI0

exp

q(V + I
(

Ns
Np

)
Rs

NsAkT

− 1

 (1)

here, Iph: photo-current of PV cell, I0: saturation current of PV cell, A: curve fitting factor of
a solar cell, Rsh: shunt resistance of PV cell, Rs: series resistance of PV cell, q: electron charge
(1.602 × 10−19 C), k: Boltzmann constant (1.38 × 10−23 J/K), Vmp: voltage corresponding
to maximum power point tracking (MPPT), Imp: current corresponding to MPPT. The
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following parameters are used to design solar PV system at standard test conditions (STC)
for each module: Voc = 64.2 V; Isc= 5.96 A; Vmp = 54.7 V; Imp = 5.58 A; Rs = 0.037998 Ω;
Rsh = 993.51 Ω; I0 = 1.1753 × 10−8 A; diode quality factor (Qd) = 1.3; Iph = 5.9602 A [18,19].

2.2. Wind Power Plant

A wind power plant (WPP) of capacity 1.5 MW was designed using a wind turbine
coupled with the doubly fed induction generator (DFIG). A WPP generates power equal
to 1.5 MW at a voltage of 575 V and 60 Hz frequency. A wind turbine is operated at a
wind speed of 11 m/s. Typical data of DFIG are as follows: H (inertia constant) = 0.685 s,
Rs = 0.023 pu, Ls = 0.18 pu, Rr = 0.016 pu, Lr = 0.016 pu, Lm = 2.9 pu. A proportional
integral (PI) controller is employed for control of the converter used to integrate DFIG
to the test grid. The grid side and rotor side convertors are operated at pulse width
modulation (PWM) carrier frequencies of 2700 and 1620 Hz in respective order. The
maximum pitch angle is considered equal to 27◦, and the maximum rate of change in
pitch angle is considered equal to 10◦/s. The pitch controller gain is considered equal to
150. Gains of reactive power and voltage regulator are considered equal to 0.05 and 20 in
respective order [20,21].

3. Proposed Voltage-Based Algorithm for Identification of Islanding Events

The algorithm for proposed IDM using the voltage signals is illustrated in the flow
chart in Figure 2. Processing of the voltage waveform and RMS voltage is performed using
parallel steps. All the steps used in the algorithm are detailed below:

• Record the voltage waveform and root mean square (RMS) values of the voltage (VR)
at IRL node.

• Decompose the voltage signal using Stockwell transform at a sampling frequency of
3.84 kHz and designate the output matrix as SV. Equation (7) described in Section 3.1
is used to compute SV. Detailed mathematical formulation of Stockwell transform are
reported in [22–24].

• Compute the median of the columns of the matrix SV and assigned symbol median-
based islanding recognition factor (MIRF), which is defined in the Equation (2).

MIRF = median(SV) (2)

• Compute the rate of change in RMS voltage (ROCOV) and assign the symbol voltage rate
of change in islanding recognition factor (VRCIRF). This is achieved by differentiating
the voltage signal with respect to time. VRCIRF is defined in the Equation (3).

VRCIRF =
d(VR)

dt
(3)

• Compute the voltage-based islanding recognition factor (IRFV) by multiplying the
MIRF and VRCIRF element to element, as detailed below. Here, WFV is the voltage-
based weight factor. WFV is considered equal to the 1000 for this study.

IRFV = MIRF×VRCIRF×WFV (4)

• Set the threshold magnitudes TMV1 and TMV2 equal to 50 and 300, respectively,
for the IRFV. If peak magnitude of IRFV is less than TMV1, then the event is an
operational event. For peak magnitudes of IRFV between the TMV1 and TMV2, the
event is islanding. However, if the peak magnitude of IRFV is greater than the TMV2
then the event is faulty in nature.
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3.1. Stockwell Transform

Stockwell transform (ST) is expressed as an expanded format of the continuous WT
(CWT). This included details relating to the spectrum and amplitude of phases. It is
necessary to adjust the mother wavelet process for the extraction of information stored
in the CWT phase for successful application. Discrete ST is quickly measured by the use
of high fast Fourier transform efficiency as well as convolution theorem. The ST results
are determined in the form of a complex matrix known as the S-matrix. For each column,
each row in this matrix is related to a definite frequency and to a definite time. S-matrix
components have complex amplitude values. Multiplying S-matrix absolute magnitudes
calculates the ST-amplitude (STA) matrix. A high time resolution is, thus, maintained
at a high frequency and a low time resolution at a low frequency. The ST is recognized
as a multi-resolution window width that changes inversely relative to time-changing
frequency and power data. Thus, a high time resolution at a high frequency and a low time
resolution at a low frequency are preserved. There are several distinct ways of achieving
the transformation of the ST. It introduces the relationship between the transformation of
STFT and ST and the type of derivation of the transformation of ST from the CWT step
correction [25,26]. The short-time Fourier transform of the h(t) signal is defined by the
relationship below.

STFT(τ, f ) =
+∞∫
−∞

h(t)g(τ − t)e−j2π f tdt (5)

where τ and f are used to represent the spectral localization time and Fourier frequency in
respective order, and g(t) is used to denote a window function. The ST is derived from the
above equation when the window function g(t) is replaced by the Gaussian function, as
described below.

g(t) =
| f |√
2π

e−
f 2t2

2 (6)
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Therefore, ST is defined as

SV(τ, f ) =
+∞∫
−∞

h(t)
| f |√
2π

e
f 2(τ−t)2

2 e−j2π f tdt (7)

The ST is a special case of STFT with a Gaussian window function. If the ST window
is wider in the time domain, the ST can provide greater frequency resolution for the lower
frequency. Even if the window is narrower, greater time resolution will be given by the
higher frequency. A matrix known as the S-matrix (SV) is the output of ST. The SV collects
information pertaining to the signal frequency and amplitude.

3.2. Decision Tree Rules

Decision trees rules are organized in the form of a classification tree, which is utilized
for predicting responses to data. For predicting a response, decisions in the form of
a tree initiating from a root (starting) node to a leaf node are followed. The final leaf
node gives the response. Decision trees used for classification generate responses that are
nominal in nature such as “true” or “false”. It is established that a set of rules that are
used for implementation in a dataset of features are computed by the use of mathematical
approaches including DWT and ST [17].

4. Results and Discussion

The results for the recognition of islanding events using the voltage-based islanding
recognition factor (IRFV) are discussed in this section. This section also details the simu-
lation outcomes to distinguish operational events from islanding events. In addition, the
results of the simulation to separate the defective events from the islanding events are also
detailed in this section.

4.1. Healthy Condition without Any Disturbance

For a time of 0.2 s, the test grid of the remotely located distribution system interfaced
with wind and solar power generators will run. On the islanding relay (IRL) node, the
voltage waveform and RMS value of the voltage (VR) is reported and shown in Figure 3a,b,
respectively. The voltage signal is processed to compute the MIRF index using Stockwell
transform and is defined in Figure 3c. In addition, by differentiating the VR, the VRCIRF
index is determined and represented in Figure 3d. In addition, the proposed voltage-based
IRFV index for identification of the islanding events is computed with an acceptable WFV
weight factor by element-to-element multiplication of MIRF and VRCIRF, as illustrated
in Figure 3e.

After the study of the voltage waveform from Figure 3a, it is found that there is no
disturbance associated with the voltage signal. Furthermore, it can also be seen from
Figure 3b that over the entire time period, the amplitude of the RMS voltage is always
constant. It is, however, compiled from Figure 3c that over the entire time period, the MIRF
index magnitude is constant. An index of VRCIRF included in Figure 3d shows that there
are slight ripples of magnitude across the entire time span, but the pattern is the same,
suggesting that the voltage signal is not correlated with any particular disturbance. The
magnitude of the IRFV index included in Figure 3e is constant and below the threshold
TMV1. Hence, it is concluded that there is no event incident on the test system. Therefore,
plots included in the Figure 3c–e will be considered as reference plots for recognition of the
islanding events, operational events and faulty events.

4.2. Recognition of Islanding Events

This section details findings of the identification of the activities of islanding in the
presence of wind power generation, solar power generation and the presence of both wind
and solar power generation.
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4.2.1. Islanding with Wind and Solar Energy Production

The test grid of the remotely located distribution system interfaced with wind and
solar generators would run for a period of 0.2 s. By opening the circuit breaker (CB)
near node 650 of the test grid at 6th cycle, the islanding event is simulated. The voltage
waveform and root mean square value of the voltage (VR) is recorded on the islanding
relay (IRL) node and shown in Figure 4a,b, respectively. The voltage signal is processed
using the Stockwell transform to compute the MIRF index and is described in Figure 4c.
Moreover, by differentiating the VR, the index of the VRCIRF is calculated and depicted
in Figure 4d. In addition, the proposed voltage-based IRFV index for the identification of
islanding events is computed with an acceptable WFV weight factor by element-to-element
multiplication of MIRF and VRCIRF, as illustrated in Figure 4e.
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After the voltage waveform analysis from Figure 4a, it is observed that after the
occurrence of the islanding incident, the voltage magnitude is decreased. In addition,
it is also visible from Figure 4b that the magnitude of the RMS voltage decreased from
2180 V to a minimum of 1605 V. In addition, the RMS voltage is often correlated with
disturbances. In addition, it is compiled from Figure 4c that the magnitude of the MIRF
index shall be zero prior to the occurrence of the islanding event and shall become finite at
the time of occurrence of the event. After the incidence of the event, the magnitude again
decreases and becomes near to zero. An index of VRCIRF included in Figure 4d indicates
that the magnitude is close to zero in the presence of both wind and solar power generation
prior to the occurrence of the islanding phenomenon. After the incidence of the islanding
event, the magnitude increases and becomes high, and continuous high magnitude ripples
are observed. The magnitude of the IRFV index included in Figure 4e is zero before
the incidence of the islanding event and becomes high at the time of the incidence of
islanding. At the moment when the islanding event is incident, the magnitude of the
IRFV index becomes greater than the threshold TMV1 but remains below the threshold
TMV2. Hence, it is concluded that islanding in the presence of both wind and solar power
generation is recognized effectively and also discriminated from both the faulty events and
operational events.

4.2.2. Islanding with Wind Energy Production

The test grid of a remote distribution system interfaced with a 1.5 MW power wind
turbine is run over a span of 0.2 s. The SPP with a capacity of 1 MW is kept disconnected
from the test grid in this situation. The islanding is simulated by opening the circuit breaker
(CB) near node 650 of the test grid in the 6th cycle. On the islanding relay (IRL) node, the
voltage waveform and root mean square value of the voltage (VR) is reported and shown
in Figure 5a,b, respectively. The voltage signal is processed to compute the MIRF index
using the Stockwell transform and is defined in Figure 5c. In addition, by differentiating
the VR, the VRCIRF index is determined and represented in Figure 5d. In addition, the
proposed voltage-based IRFV index for the identification of islanding events is computed
with an acceptable WFV weight factor by element-to-element multiplication of MIRF and
VRCIRF, as illustrated in Figure 5e.
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After the analysis of the voltage waveform from Figure 5a, it is observed that the
voltage magnitude has decreased after the incidence of the islanding event. In addition, it
is also visible from Figure 5b that the magnitude of the RMS voltage decreased from 2180 V
to a minimum of 940 V. In addition, the RMS voltage is often correlated with disturbances.
In addition, it is compiled from Figure 5c that in the presence of wind power generation,
the magnitude of the MIRF index is zero before the occurrence of the islanding event and
becomes finite at the time of incidence of the event. After the occurrence of an incident,
the magnitude decreases again and becomes close to zero. The VRCIRF index included in
Figure 5d indicates that the magnitude is near to zero before the incidence of the islanding
event in the presence of wind power generation. After the incidence of the islanding event,
the magnitude increases and becomes high, and continuous high magnitude ripples are
observed. The magnitude of the IRFV index included in Figure 5e is zero before incidence
of the islanding event and becomes high at the time of incidence of the islanding event. At
the moment when the islanding event is incident in the presence of wind power generation,
the magnitude of the IRFV index becomes greater than the threshold TMV1 but remains
below the threshold TMV2. Hence, it is concluded that the islanding event in the presence
of wind power generation is recognized effectively and also discriminated from both the
faulty events and operational events.

4.2.3. Islanding with Solar Energy Production

The test grid of a remote distribution system interfaced with a 1 MW solar photovoltaic
power plant is run over a span of 0.2 s. The WPP of 1.5 MW power is kept disconnected
from the test grid in this situation. By opening the circuit breaker (CB) installed near node
650 of the test grid in the 6th cycle, the islanding event is simulated. The voltage waveform
and root mean square value of the voltage (VR) are recorded on the islanding relay location
(IRL) node and shown in Figure 6a,b, respectively. The voltage signal is processed to
compute the MIRF index using the Stockwell transform and is defined in Figure 6c. In
addition, by differentiating the VR, the VRCIRF index is determined and represented in
Figure 6d. In addition, the proposed voltage-based IRFV index for the identification of
islanding events is computed with an acceptable WFV weight factor by element-to-element
multiplication of MIRF and VRCIRF, as illustrated in Figure 6e.
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After the voltage waveform analysis from Figure 6a, it is observed that the voltage
magnitude has decreased in the presence of solar power generation after the occurrence of
the islanding event. In addition, it is also visible from Figure 6b that the magnitude of the
RMS voltage decreased from 2180 V to a minimum of 1102 V. In addition, the RMS voltage
is often correlated with disturbances. It is, however, compiled from Figure 6c that with solar
energy production before the incidence of the islanding event, the magnitude of the MIRF
index is zero and becomes finite at the time of the event’s incidence. After the occurrence of
an incident, the magnitude decreases again and becomes close to zero. An index of VRCIRF
included in Figure 6d indicates that the magnitude is close to zero with solar energy
production, prior to the occurrence of the islanding phenomenon. After the incidence of the
islanding event, magnitude increases and becomes high, and continuous high magnitude
ripples are observed. The magnitude of the IRFV index included in Figure 6e is zero before
the incidence of the islanding event and becomes high at the time of incidence of the
islanding event. At the moment when the islanding event is incident with solar energy
production, the magnitude of the IRFV index becomes greater than the threshold TMV1
but remains below the threshold TMV2. Hence, it is concluded that the islanding event
with solar energy production is recognized effectively and also discriminated from both
the faulty events and operational events.

4.3. Faulty Events

The results of the recognition of defective events such as a single-phase fault, two-
phase fault, two-phase-to-ground fault and three-phase fault involving ground are detailed
in this section.

4.3.1. Single-Phase-to-Ground Fault

For a time of 0.2 s, the test grid of the remotely located distribution system is interfaced
with WPP and SPP operates. At node 646 of the test grid, a line-to-ground (LG) fault is
simulated during the 6th cycle. On the islanding relay position (IRL) node, the voltage
waveform and RMS value of the voltage (VR) are reported and shown in Figure 7a,b,
respectively. The voltage signal is processed to compute the MIRF index using Stockwell
transform and is defined in Figure 7c. In addition, by differentiating the VR represented
in Figure 7d, the VRCIRF index is determined. In addition, the proposed voltage-based
IRFV index for the identification of islanding events is computed with an acceptable WFV
weight factor by element-to-element multiplication of MIRF and VRCIRF, as illustrated
in Figure 7e.

After an analysis of the voltage waveform from Figure 7a, it is clear that the voltage
magnitude has decreased after the incidence of LG fault. In addition, it is also visible
from Figure 7b that after the LG fault occurrence, the RMS voltage magnitude decreased
from 2180 V to a minimum of 506 V. In addition, the RMS voltage is often correlated with
disturbances. Furthermore, it is compiled from Figure 7c that the MIRF index magnitude is
zero prior to the incidence of LG fault and becomes finite at the time of incidence of LG fault.
After the incidence of LG fault event, the magnitude again decreases and becomes near
to zero. VRCIRF index included in Figure 7d indicates that the magnitude is near to zero
before incidence of the LG fault. After the incidence of the LG fault, magnitude increases
and becomes high, two continuous high magnitude ripples are observed, and magnitude
finally again becomes zero. The magnitude of the IRFV index included in Figure 7e is zero
before incidence of the LG fault and becomes high at the time of incidence of the LG fault.
At the moment of the LG fault incidence, the magnitude of the IRFV index becomes greater
than the threshold TMV2. Hence, it is concluded that the LG fault is recognized effectively
and also discriminated from both the islanding event and operational events.
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4.3.2. Two-Phase Fault

The test grid of the remotely located distribution system interfaced with WPP and
SPP is operated for a period of 0.2 s. At node 646 of the test grid, a line-to-line (LL) fault is
simulated at the 6th cycle. On the islanding relay position (IRL) node, the voltage waveform
and RMS value of the voltage (VR) are reported and shown in Figure 8a,b, respectively. The
voltage signal is processed to compute the MIRF index using the Stockwell transform and is
defined in Figure 8c. In addition, by differentiating the VR, the VRCIRF index is determined
and represented in Figure 8d. In addition, the proposed voltage-based IRFV index for the
identification of islanding events is computed with an acceptable WFV weight factor by
element-to-element multiplication of MIRF and VRCIRF, as illustrated in Figure 8e.
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After the voltage waveform analysis from Figure 8a, it is observed that the magnitude
of the voltage decreased after the LL fault occurrence. In addition, it is also visible from
Figure 8b that the RMS voltage magnitude after the LL fault incidence has decreased from
2180 V to a minimum of 1001 V. In addition, the RMS voltage is often correlated with
disturbances. In addition, it is compiled from Figure 8c that the MIRF index magnitude is
zero before the LL fault incidence and becomes finite at the time of the LL fault incidence.
The magnitude decreases again after the occurrence of the LL fault event and becomes
close to zero. The VRCIRF index included in Figure 8d indicates that the magnitude
is near to zero before the incidence of the LL fault. After the incidence of the LL fault,
the magnitude increases and becomes high, two continuous high magnitude ripples are
observed, and magnitude finally again becomes zero. The magnitude of the IRFV index
included in Figure 8e is zero before the incidence of the LL fault and becomes high at the
time of incidence of the LL fault. At the moment of LL fault incidence, the magnitude of
the IRFV index becomes greater than the threshold TMV2. Hence, it is concluded that the
LL fault is recognized effectively and also discriminated from both the islanding event and
operational events.

4.3.3. Two-Phase-to-Ground Fault

The test grid of the remotely located distribution system interfaced with WPP and
SPP is operated for a period of 0.2 s. A two-phase-to-ground (LLG) fault is simulated in
the 6th cycle at node 646 of the test grid. On the islanding relay position (IRL) node, the
voltage waveform and root mean square value of the voltage (VR) are reported and shown
in Figure 9a,b, respectively. The voltage signal is processed to compute the MIRF index
using Stockwell transform and is defined in Figure 9c. In addition, by differentiating the
VR, the VRCIRF index is determined and represented in Figure 9d. Further, proposed
voltage-based index IRFV for islanding events recognition is computed by element-to-
element multiplication of MIRF and VRCIRF with a suitable weight factor WFV, which is
illustrated in Figure 9e.
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After the voltage waveform analysis from Figure 9a, it is observed that the magnitude
of the voltage decreased after the LLG fault incidence. In addition, it is also visible from
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Figure 9b that, after the LLG fault occurrence, the RMS voltage magnitude decreased
from 2180 V to a minimum of 428 V. In addition, the RMS voltage is often correlated
with disturbances. In addition, it is compiled from Figure 9c that the magnitude of the
MIRF index is zero before the LLG fault incidence and becomes finite when the LLG fault
incidence occurs. After the incidence of the LLG fault event, the magnitude again decreases
and becomes near to zero. The VRCIRF index included in Figure 9d indicates that the
magnitude is near to zero before the incidence of the LLG fault. After the incidence of the
LLG fault, the magnitude increases and becomes high, two continuous high magnitude
ripples are observed, and magnitude finally again becomes zero. The magnitude of the
IRFV index included in Figure 9e is zero before the incidence of the LLG fault and becomes
high at the time of incidence of the LLG fault. At the moment of the LLG fault incidence,
the magnitude of the IRFV index becomes greater than the threshold TMV2. Hence, it is
concluded that the LLG fault is recognized effectively and also discriminated from both
the islanding event and operational events.

4.3.4. Three-Phase Fault with Ground

The test grid of the remotely located distribution system interfaced with WPP and
SPP is operated for a period of 0.2 s. At node 646 of the test grid, a three-phase-to-ground
(LLLG) fault is simulated at 6th cycle. On the islanding relay position (IRL) node, the
voltage waveform and root mean square value of the voltage (VR) are reported and shown
in Figure 10a,b, respectively. The voltage signal is processed to compute the MIRF index
using Stockwell transform and is defined in Figure 10c. In addition, by differentiating the
VR, the VRCIRF index is determined and represented in Figure 10d. Further, the proposed
voltage-based index IRFV for islanding events recognition is computed by element-to-
element multiplication of MIRF and VRCIRF with a suitable weight factor WFV, which is
illustrated in Figure 10e.
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After the voltage waveform analysis from Figure 10a, it is observed that after the
occurrence of LLLG failure, the voltage magnitude decreased. In addition, it is also visible
from Figure 10b that after the LLLG fault occurrence, the RMS voltage magnitude decreased
from 2180 V to a minimum of 278 V. In addition, the RMS voltage is often correlated with
disturbances. In addition, it is compiled from Figure 10c that magnitude of the MIRF
index is zero prior to LLLG fault incidence and becomes finite at the time of LLLG fault
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incidence. After the incidence of LLLG fault event, the magnitude again decreases and
becomes near to zero. The VRCIRF index included in Figure 10d indicates that magnitude
is near to zero before the incidence of the LLLG fault. After the incidence of the LLLG
fault, the magnitude increases and becomes high, two continuous high magnitude ripples
are observed, and magnitude finally again becomes zero. The magnitude of the IRFV
index included in Figure 10e is zero before the incidence of the LLLG fault and becomes
high at the time of incidence of the LLLG fault. At the moment of LLLG fault incidence,
the magnitude of the IRFV index becomes greater than the threshold TMV2. Hence, it is
concluded that the LLLG fault is recognized effectively and also discriminated from both
the islanding event and operational events.

4.4. Operational Events

This section explains the effects of the detection of operational events such as SPP
and WPP outages, SPP and WPP grid synchronization, feeder service, load switching and
capacitor switching.

4.4.1. Outage of Wind Power Plant from Test Grid

The test grid of the remotely located distribution system interfaced with WPP and
SPP is operated for a period of 0.2 s. The WPP is disconnected from the test grid to perform
the outage of WPP at the 6th cycle. Voltage waveform and RMS value of the voltage
(VR) are captured on the IRL node and shown in Figure 11a,b respectively. The voltage
signal is processed to compute the MIRF index using Stockwell transform and is defined in
Figure 11c. In addition, by differentiating the VR, the VRCIRF index is determined and
represented in Figure 11d. In addition, the proposed voltage-based IRFV index for the
identification of islanding events is computed with an acceptable WFV weight factor by
element-to-element multiplication of MIRF and VRCIRF, as illustrated in Figure 11e.

Informatics 2021, 8, x 16 of 26 
 

 

 
Figure 11. Outage of wind power plant from test grid (a) voltage signal (b) root means square 
value of voltage (c) median-based IRF (d) rate of change in voltage-based IRF (e) islanding recog-
nition factor based on voltage. 

After the analysis of the voltage waveform from Figure 11a, it is observed that the volt-
age magnitude remains unaffected due to the event of WPP outage. Further, it is also seen 
from Figure 11b that RMS voltage magnitude has increased from 2180 V to a minimum of 
2224 V after WPP outage. Further, disturbances are also associated with the RMS voltage. 
In addition, it is compiled from Figure 11c that the value of the MIRF index is zero prior to 
occurrence of the WPP outage case and becomes finite by a small amount at the time of the 
WPP outage incidence. After incidence of event of WPP outage, magnitude again decreases 
and becomes near to zero. The VRCIRF index included in Figure 11d indicates that the mag-
nitude is near to zero before the incidence of the WPP outage event. After the incidence of 
the WPP outage event, the magnitude increases and becomes high for short time duration 
and finally again becomes zero. The magnitude of the IRFV index included in Figure 11e is 
zero before and after the incidence of the WPP outage event. At the moment of the WPP 
outage event, the magnitude of the IRFV index is lower compared to the threshold TMV1. 
Hence, it is concluded that the WPP outage event is recognized as an operational event. 

4.4.2. Outage of Solar Power Plant from Test Grid 
The test grid of the remotely located distribution system interfaced with WPP and 

SPP is operated for a period of 0.2 s. The SPP is disconnected from the test grid to perform 
the outage of SPP at the 6th cycle. Voltage waveform and the RMS value of the voltage 
(VR) is recorded on the islanding relay location (IRL) node and shown in Figure 12a,b, 
respectively. Voltage signal is processed using Stockwell transform to compute the MIRF 
index and described in Figure 12c. Further, the VRCIRF index is computed by differenti-
ating the VR, which is depicted in Figure 12d. Further, the proposed voltage-based index 
IRFV for islanding events recognition is computed by element-to-element multiplication 
of MIRF and VRCIRF with a suitable weight factor WFV and is illustrated in Figure 12e. 

After the analysis of the voltage waveform from Figure 12a, it is observed that voltage 
magnitude remains unaffected due to the event of SPP outage. In addition, it is also visible 
from Figure 12b that the RMS voltage magnitude decreased after the SPP blackout from 
2180 V to a minimum of 2165 V. In addition, the RMS voltage is decreased with disturbances. 
In addition, it is compiled from Figure 12c that the value of the MIRF index is zero prior to 
the occurrence of the SPP outage case and becomes finite by a small amount at the time of 

Figure 11. Outage of wind power plant from test grid (a) voltage signal (b) root means square value
of voltage (c) median-based IRF (d) rate of change in voltage-based IRF (e) islanding recognition
factor based on voltage.

After the analysis of the voltage waveform from Figure 11a, it is observed that the
voltage magnitude remains unaffected due to the event of WPP outage. Further, it is also
seen from Figure 11b that RMS voltage magnitude has increased from 2180 V to a minimum
of 2224 V after WPP outage. Further, disturbances are also associated with the RMS voltage.
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In addition, it is compiled from Figure 11c that the value of the MIRF index is zero prior
to occurrence of the WPP outage case and becomes finite by a small amount at the time
of the WPP outage incidence. After incidence of event of WPP outage, magnitude again
decreases and becomes near to zero. The VRCIRF index included in Figure 11d indicates
that the magnitude is near to zero before the incidence of the WPP outage event. After
the incidence of the WPP outage event, the magnitude increases and becomes high for
short time duration and finally again becomes zero. The magnitude of the IRFV index
included in Figure 11e is zero before and after the incidence of the WPP outage event. At
the moment of the WPP outage event, the magnitude of the IRFV index is lower compared
to the threshold TMV1. Hence, it is concluded that the WPP outage event is recognized as
an operational event.

4.4.2. Outage of Solar Power Plant from Test Grid

The test grid of the remotely located distribution system interfaced with WPP and SPP
is operated for a period of 0.2 s. The SPP is disconnected from the test grid to perform the
outage of SPP at the 6th cycle. Voltage waveform and the RMS value of the voltage (VR) is
recorded on the islanding relay location (IRL) node and shown in Figure 12a,b, respectively.
Voltage signal is processed using Stockwell transform to compute the MIRF index and
described in Figure 12c. Further, the VRCIRF index is computed by differentiating the
VR, which is depicted in Figure 12d. Further, the proposed voltage-based index IRFV for
islanding events recognition is computed by element-to-element multiplication of MIRF
and VRCIRF with a suitable weight factor WFV and is illustrated in Figure 12e.
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After the analysis of the voltage waveform from Figure 12a, it is observed that voltage
magnitude remains unaffected due to the event of SPP outage. In addition, it is also visible
from Figure 12b that the RMS voltage magnitude decreased after the SPP blackout from
2180 V to a minimum of 2165 V. In addition, the RMS voltage is decreased with disturbances.
In addition, it is compiled from Figure 12c that the value of the MIRF index is zero prior to
the occurrence of the SPP outage case and becomes finite by a small amount at the time of
the SPP outage incidence. After incidence of the event of SPP outage, the magnitude again
decreases and becomes near to zero. The VRCIRF index included in Figure 12d indicates
that magnitude is near to zero before incidence of the SPP outage event. After incidence of
the SPP outage event, the magnitude increases and becomes high for short time duration
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and finally again becomes zero. The magnitude of the IRFV index included in Figure 12e
is zero before and after the incidence of the SPP outage event. At the moment of the SPP
outage event, the magnitude of the IRFV index is lower compared to the threshold TMV1.
Hence, it is concluded that the SPP outage event is recognized as an operational event.

4.4.3. Synchronization of SPP to Grid

The test grid of the remotely located distribution system interfaced with WPP is
operated for a period of 0.2 s. SPP is initially kept disconnected from the test grid. The
SPP is connected to the test grid at the 6th cycle to perform the grid synchronization of
SPP. On the islanding relay position (IRL) node, the voltage waveform and RMS value
of the voltage (VR) are reported and shown in Figure 13a,b, respectively. The voltage
signal is processed using Stockwell transform to compute the MIRF index and described
in Figure 13c. Further, the VRCIRF index is computed by differentiating the VR and is
depicted in Figure 13d. Further, the proposed voltage-based index IRFV for islanding
events recognition is computed by element-to-element multiplication of MIRF and VRCIRF
with a suitable weight factor WFV and is illustrated in Figure 13e.
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After the analysis of the voltage waveform from Figure 13a, it is observed that the
voltage magnitude is increased with sharp peak transient components due to the event of
SPP grid synchronization. In addition, it is also visible from Figure 13b that low magnitude
transient components with RMS voltage magnitude are added after SPP grid synchroniza-
tion occurs. In addition, it is compiled from Figure 13c that the value of the MIRF index is
zero prior to the occurrence of the SPP grid synchronization outage event and becomes
finite by a small amount at the time of the occurrence of the SPP grid synchronization
event. The VRCIRF index included in Figure 13d indicates that the magnitude is near to
zero before incidence of the event of SPP grid synchronization. After incidence of the SPP
grid synchronization event, the magnitude becomes finite and continues until the distur-
bances are associated with the RMS voltage magnitude. The magnitude of the IRFV index
included in Figure 13e is zero before and after incidence of the SPP grid synchronization
event. At the moment of the SPP grid synchronization event, the magnitude of the IRFV
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index is lower compared to the threshold TMV1. Hence, it is concluded that the SPP grid
synchronization event is recognized as an operational event.

4.4.4. Synchronization of WPP to Grid

The test grid of the remotely located distribution system interfaced with SPP is oper-
ated for a period of 0.2 s. The WPP is initially kept disconnected from the test grid. The
WPP is connected to the test grid at 6th cycle to perform the grid synchronization of WPP.
Voltage waveform and RMS value of the voltage (VR) are recorded on the islanding relay
location (IRL) node and shown in Figure 14a,b, respectively. The voltage signal is processed
to compute the MIRF index using Stockwell transform and is defined in Figure 14c. In
addition, by differentiating the VR, the VRCIRF index is determined and represented in
Figure 14d. In addition, the proposed voltage-based IRFV index for the identification of
islanding events is computed with an acceptable WFV weight factor by element-to-element
multiplication of MIRF and VRCIRF, as illustrated in Figure 14e.
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After the analysis of the voltage waveform from Figure 14a, it is observed that voltage
magnitude is increased with sharp peak transient components due to the event of WPP grid
synchronization. In addition, it is also visible from Figure 14b that the magnitude of the
RMS voltage first increases and then decreases because of the WPP grid synchronization
event. Transient components of a small magnitude are often correlated with the RMS
voltage. In addition, it is compiled from Figure 14c that the magnitude of the MIRF index
is zero before the occurrence of the WPP grid synchronization event and becomes finite by
a small amount at the time of the occurrence of the synchronization of the WPP grid event.
The VRCIRF index included in Figure 14d indicates that the magnitude is near to zero
before incidence of the event of WPP grid synchronization. After incidence of the WPP grid
synchronization event, the magnitude becomes finite and continues until the disturbances
are associated with the RMS voltage magnitude. The magnitude of the IRFV index included
in Figure 14e is zero before and after the incidence of the WPP grid synchronization event.
At the moment of the WPP grid synchronization event, the magnitude of the IRFV index
is lower compared to the threshold TMV1. Hence, it is concluded that the WPP grid
synchronization event is recognized as an operational event.
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4.4.5. Feeder Operation

The test grid of the remotely located distribution system interfaced with WPP and
SPP is operated for a period of 0.2 s. At the 4th cycle, the feeder containing nodes 692 and
675 is opened and reconnected to simulate the feeder tripping and closing at the 8th cycle.
On the islanding relay position (IRL) node, voltage waveform and root mean square value
of voltage (VR) are reported and shown in Figure 15a,b, respectively. Using Stockwell
transform to compute the MIRF index, the voltage signal is processed and defined in
Figure 15c. The VRCIRF index is further computed by differentiating the VR and shown in
Figure 15d. In addition, the proposed voltage-based IRFV index for the identification of
islanding events is computed with an acceptable WFV weight factor by element-to-element
multiplication of MIRF and VRCIRF, as illustrated in Figure 15e.
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After the voltage waveform analysis from Figure 15a, it is observed that the voltage
magnitude at the time of the feeder trip is not affected. However, at the time of the feeder
closure, the small magnitude transient is correlated with the voltage. In addition, it is also
visible from Figure 15b that at the time of feeder tripping, the RMS voltage magnitude
rises and decreases at the time of feeder closure. Both the occurrence of tripping and
closing the feeder are correlated with transient components. However, relative to feeder
tripping, high frequency and high magnitude transients are correlated with the feeder
closing. In addition, it is compiled from Figure 15c that the magnitude of the MIRF index is
zero prior to the occurrence of a feeder tripping incident. Large magnitude peaks at the
time of tripping and closing of the feeder are observed. An index of VRCIRF included
in Figure 15d shows that the magnitude before the occurrence of a feeder activity event
is close to zero. After the feeder trip happens, the amplitude rises and decreases again.
Increased magnitude at the time of feeder closure and high magnitude peaks are observed
before the transient components are available with the RMS voltage. The IRFV index
magnitude used in Figure 15e increases by a small amount at the time of tripping and
closing of feeders. However, relative to the TMV1 threshold, the magnitude is smaller. It is,
therefore, inferred that activity of the feeder event is known as an operational event.

4.4.6. Capacitor Switching

The test grid of the remotely located distribution system interfaced with WPP and SPP is
operated for a period of 0.2 s. The capacitor bank of capacity 600 kVAr connected on node
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675 is disconnected at the 4th cycle and reconnected at the 8th cycle to simulate the capacitor
switching event. On the islanding relay position (IRL) node, voltage waveform and RMS value
of the voltage (VR) are reported and shown in Figure 16a,b, respectively. The voltage signal is
processed to compute the MIRF index using Stockwell transform and is defined in Figure 16c.
In addition, by differentiating the VR, the VRCIRF index is determined and represented in
Figure 16d. In addition, the proposed voltage-based IRFV index for identification of the
islanding events is computed with an acceptable WFV weight factor by element-to-element
multiplication of MIRF and VRCIRF, as illustrated in Figure 16e.
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After the analysis of the voltage waveform from Figure 16a, it is observed that voltage
magnitude is not affected at the time the capacitor is switched off. However, at the moment
when the capacitor is turned on, the small magnitude transient is correlated with the
voltage. In addition, it is also visible from Figure 16b that when the capacitor is turned
off, the RMS voltage magnitude decreases and increases when the capacitor is switched
on. Transient components are associated with the event that the capacitor is switched on.
In addition, it is compiled from Figure 16c that the MIRF index magnitude is zero prior
to the occurrence of the operation of the capacitor. At the time of the capacitor switching
off, a small magnitude peak is observed, and a high magnitude peak is observed at the
time of the capacitor switching on. The VRCIRF index included in Figure 16d indicates
that the magnitude is near to zero before incidence of the event of capacitor operation.
After incidence of the capacitor switching off, the magnitude increases and again decreases.
At the time of the capacitor switching on, the magnitude increases, and high magnitude
peaks are observed until the transient components are available with the RMS voltage.
The magnitude of the IRFV index included in Figure 16e increases by a small amount at
the moment of capacitor operation. However, the magnitude is lower compared to the
threshold TMV1. Hence, it is concluded that the capacitor operation event is recognized as
an operational event.
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4.4.7. Load Switching

The test grid of the remotely located distribution system interfaced with WPP and SPP
is operated for a period of 0.2 s. The load with rating 843 kW and 462 kVAr connected on
node 675 is disconnected at the 4th cycle and reconnected at the 8th cycle to simulate the
load switching event. Voltage waveform and RMS value of the voltage (VR) are recorded
on the islanding relay location (IRL) node and shown in Figure 17a,b, respectively. Voltage
signal is processed using Stockwell transform to compute the MIRF index and described
in Figure 17c. Further, the VRCIRF index is computed by differentiating the VR and is
depicted in Figure 17d. Further, the proposed voltage-based index IRFV for islanding
events recognition is computed by element-to-element multiplication of MIRF and VRCIRF
with a suitable weight factor WFV and is illustrated in Figure 17e.
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After analysis of the voltage waveform from Figure 17a, it is observed that there is
no disturbance associated to voltage waveform. It is also seen from Figure 17b that RMS
voltage magnitude increases after the load is switched off and again regains original mag-
nitude after the load is switched on. Low magnitude transient components are associated
with the event of load operation. It is established from Figure 17c that sharp magnitude
peaks are observed at the time of load switching off and load switching on. The VRCIRF
index included in Figure 17d indicates that the magnitude is near to zero before incidence
of the event of load operation. After incidence of the capacitor switching off, the magnitude
increases and again decreases. At the time of the load switching on and off, the magnitude
increases, and high magnitude peaks are observed until the transient components are
available with the RMS voltage. The magnitude of IRFV index included in Figure 17e
increases by a small amount at the moment of load operation. However, the magnitude
is lower compared to the threshold TMV1. Hence, it is concluded that the load operation
event is recognized as an operational event.
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5. Identification of Non-Detection Zone

Non-detection zone (NDZ) is an important parameter to analyze the effectiveness
of an IDM. In this zone, the islanding event is not identified in a definite time due to a
mismatch in the power generation and demand. In this study, NDZ is identified using a
mismatch in active power and voltage of grid. The method reported in [27] is utilized to
compute the difference in RE power generation and loads using the below detailed relation.

∆P = 3V × I − 3(V + ∆V)× I = −3∆V × I (8)

here, V: test system rated voltage, which is considered equal to 4.16 kV; I: rated current.
As per Indian electricity grid codes, the permissible limits of voltage variations in the
distribution grid are 0.88 and 1.1 pu, which are used to estimate NDZ. Loads and generation
from the wind and solar generators are changed to simulate scenarios of power mismatch.
Effectiveness of IDM for islanding detection considering different scenarios of active power
mismatch and voltage is included in Table 3. The identification of an islanding event is
represented by 1, and 0 indicates that islanding is not identified. From Table 3, it is pointed
out that an islanding event is not identified for power limits of ∆P = −8 kW to ∆P = 8 kW
at voltage equal to 1.0 pu and voltage limits of V = 0.92 pu to V = 1.1 pu at power change
in ∆P = 0 kW.

Table 3. Peak magnitude of voltage-based IRF.

∆P (kW)
Voltage (pu)

0.88 0.90 0.92 0.94 0.96 0.98 1.0 1.1

−10 1 1 1 1 1 1 1 1

−8 1 1 1 1 1 1 0 1

−6 1 1 1 1 1 0 0 1

−4 1 1 1 1 0 0 0 0

−2 1 1 1 0 0 0 0 0

0 1 1 0 0 0 0 0 0

2 1 1 1 0 0 0 0 0

4 1 1 1 1 0 0 0 0

6 1 1 1 1 1 0 0 1

8 1 1 1 1 1 1 0 1

10 1 1 1 1 1 1 1 1

12 1 1 1 1 1 1 1 1

6. Classification of Events

The classification of islanding events, fault events and operational events in different
categories is achieved using the simple decision rules supported by the peak magnitude
of the voltage-based IRF. The peak magnitude of the voltage-based IRF (MIRFV) for all
the investigated events is tabulated in Table 4. Classification of the events to discriminate
the islanding events from the operational and faulty events is described in Figure 18. It is
observed that different events are classified one by one. If MIRFV > TMV2, then the event
is faulty in nature. Further, if MIRFV < TMV1, then the event is an operational event. For
the islanding events, TMV1 < MIRFV < TMV2 condition is followed.
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Table 4. Peak magnitude of voltage-based IRF.

S. No. Type of Event Peak Magnitude of IRFV

1 Healthy condition without any disturbance. 0.03

2 Islanding event in the presence of both wind and solar
power generation. 105.04

3 Islanding event in the presence of wind power
generation. 141.63

4 Islanding event in the presence of solar power
generation. 242.60

5 Single-phase-to-ground fault. 598.12

6 Two-phase fault. 587.70

7 Two-phase-to-ground fault. 561.05

8 Three-phase fault with ground. 399.40

9 Outage of wind power plant. 2.09

10 Outage of solar power plant. 3.14

11 Synchronization of SPP. 32.81

12 Synchronization of WPP. 26.49

13 Feeder operation. 23.15

14 Capacitor switching. 33.25

15 Load switching. 0.351
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7. Performance Comparison of Algorithm

The proposed voltage-based IDM is efficient in recognizing the islanding event at a
time period of less than 0.05 cycles compared to the voltage change rate (ROCOV) and
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frequency change rate (ROCOF) IDM that detects the islanding event at a time period of
0.25 to 0.5 cycles [28]. Compared to the wavelet transform-based method [29], the method
implemented in this paper is also fast and precise. Performance of the DWT-based method
reported in [29] is affected by the noise with a noise level higher than 40 dB signal-to-
noise ratio (SNR), whereas the performance of the proposed method is not affected, even
in the presence of high noise level of 10 dB SNR. Further, hybridization of the ROCOV
with the features computed using ST in the present method reduces the non-detection
zone compared to the ROCOV- and ROCOF-based methods reported in the literature. A
comparative study to indicate the different investigation reported in [28,29] and proposed
IDM is included in Table 5. Here, SI indicates that the scenario is investigated, and SNI
indicates that the scenario is not investigated.

Table 5. Performance comparative study of islanding detection methods (IDMs).

S. No. Attribute Reference [24] Reference [25] Proposed IDM

1 Islanding detection time. SI SI SI

2 Non-detection zone. SI SNI SI

3 Effect of noise. SNI SNI SI

4 Differentiation of islanding
events from faulty conditions. SNI SNI SI

5 Differentiation of islanding
events from switching events. SNI SNI SI

8. Conclusions

An algorithm for the identification of islanding events in the remotely located distri-
bution grid with renewable energy sources using the voltage signals is introduced in this
work. Voltage signal is processed using Stockwell transform to compute MIRF. The rate
of change in RMS voltage is computed by differentiating the RMS voltage with respect
to time to compute VRCIRF. The proposed voltage-based islanding recognition factor
(IRFV) is computed by multiplying the MIRF and VRCIRF element to element. Threshold
magnitudes TMV1 and TMV2 are set equal to 50 and 300, respectively, for the IRFV. The
islanding event is discriminated from the faulty and operational events using the simple
decision rules using the peak magnitude of IRFV. If the peak magnitude of IRFV is less than
TMV1, then the event is an operational event. For peak magnitudes of IRFV between the
TMV1 and TMV2, the event is islanding. However, if the IRFV’s peak magnitude is higher
than the TMV2, then the event is defective in nature. It is concluded that IDM dependent
on voltage is successful in identifying the islanding events and discriminating against the
defective and operational events as well. Further, the proposed IDM identifies the islanding
events with small NDZ. In addition, compared to the IDMs stated in the literature and
based on voltage change rate and frequency change rate, the proposed algorithm is found
to have better performance. The identification of islanding events in the presence of power
electronics devices will be considered as future work.
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