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Abstract: This paper designs a multi-variable hybrid islanding-detection method (HIDM) using
signal-processing techniques. The signals of current captured on a test system where the renewable
energy (RE) penetration level is between 50% and 100% are processed by the application of the
Stockwell transform (ST) to compute the Stockwell islanding-detection factor (SIDF) and the co-
variance islanding-detection factor (CIDF). The signals of current are processed by the application
of the Hilbert transform (HT), and the Hilbert islanding-detection factor (HIDF) is computed. The
signals of current are also processed by the application of the Alienation Coefficient (ALC), and the
Alienation Islanding Detection Factor (AIDF) is computed. A hybrid islanding-detection indicator
(HIDI) is derived by multiplying the SIDE, CIDF, AIDEF, and an islanding weight factor (IWF) element
by element. Two thresholds, designated as the hybrid islanding-detection indicator threshold (HIDIT)
and the hybrid islanding-detection indicator fault threshold (HIDIFT), are selected to detect events
of islanding and also to discriminate such events from fault events and operational events. The
HIDM is effectively tested using an IEEE-13 bus power network, where solar generation plants
(SGPs) and wind generation plants (WGPs) are integrated. The HIDM effectively identified and
discriminated against events such as islanding, faults, and operational. The HIDM is also effective
at identifying islanding events on a real-time distribution feeder. The HIDM is also effective at
detecting islanding events in the scenario of a 20 dB signal-to-noise ratio (SNR). It is established that
the HIDM has a small non-detection zone (NDZ). The effectiveness of the HIDM is better relative
to the islanding-detection method (IDM) supported by the discrete wavelet transform (DWT), an
IDM using a hybridization of the slantlet transform, and the Ridgelet probabilistic neural network
(RPNN). An IDM using wavelet transform multi-resolution (WT-MRA)-based image data and an
IDM based on the use of a deep neural network (DNN) were used. The study was performed using
the MATLAB software (2017a) and validated in real-time using the data collected from a practical
distribution power system network.

Keywords: Alienation Coefficient; fault event; Hilbert transform; islanding event; operational event;
renewable energy; signal-processing technique; Stockwell transform; utility grid

1. Introduction

Globally, renewable energy (RE) is integrated into utility grids to meet future energy
demand due to the depletion of fossil fuels, the price fluctuations of oil and natural gas, and
the adverse impact of these energy sources on the environment. RE sources include mini or
micro hydroelectric plants, wind generation plants (WGPs), solar photovoltaic (PV) plants,
fuel cells, geothermal energy, and biomass energy [1]. These RE sources are integrated
into the utility grid in the form of large plants and distributed generators (DGs). DGs are
connected to the grid network near the load center. A condition or operating scenario in
which a part of the utility network remains connected to one or more DGs where the load
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is still energized by the DGs and, at the same time, is isolated from the main grid is called
islanding [2]. Islanding may be intentional (pre-planned) for the condition of load shedding
and during the maintenance period to the ensure security and protection of the power
system from cascade failure. Another form of islanding is unintentional, which is initiated
because of a fault or the failure of equipment. This may create problems regarding power
quality (PQ), grid safety, and stability [3]. Unintentional islanding events are undesirable
and need to be identified as soon as they occur in the network. Different islanding-detection
techniques have been developed, which are mainly categorized into two categories: remote
(communication-based) islanding and local islanding-detection methods [4].

1.1. Review of Literature

A comprehensive review of the methods used for islanding events and a comparative
study of passive, active, and hybrid islanding-detection methods (IDMs) are included
in [5]. This study detailed the types of islanding methods. Local IDM methods such
as passive, active, and hybrid were described. Remote IDMs, including the power line
signaling scheme, transfer trip scheme, and impedance insertion method, were elaborated
in detail. Different international standards for islanding detection were also discussed. A
comparative study of local and remote IDMs considering the working principle, response
time, non-detection zone (NDZ), maloperation possibility of IDMs, cost, impact on power
quality (PQ), and multiple RE generators was presented, which is effective at selecting an
IDM suitable for a particular grid topology and quantum of generation. In [6], the authors
designed a predictive Goertzel model algorithm for active islanding detection with solar PV
plants. This algorithm used the discrete Fourier transform (DFT) to resolve the issue of the
non-detection zone (NDZ). This method obtains results at a minimum computation time
considering the N+2 number of operations. However, to ensure high efficiency, additional
2N+1 operations are also required. It performed this by calculating the magnitude and
phase of a particular frequency in discrete form. Hence, the performance of the IDM is
dependent on the method of approximation. In [7], the authors designed an IDM that
leveraged the micro phasor measurement unit (# — PMU) to detect islanding events with
the minimum chance of a cyber attack. However, the working of the p — PMU is mainly
dependent on the communication network used to transmit the data. This communication
network is prone to cyber attacks, which is the drawback of this method. This requires
additional steps in the treatment of the data, which increase the computational time and
burden. This IDM effectively used the difference in the angle between the positive and
negative sequence components to detect islanding events. In [8], the authors presented a
secured-communication-based passive anti-islanding technique. This IDM uses the phase
angle difference of the information related to the superimposed impedance at the point
of the DG connection and the point of common coupling (PCC). This method is effective
at detecting islanding conditions even with low power mismatches and distinguishing
islanding events from fault and switching events. This IDM is fast, free from fixed threshold
settings, easy to implement, and securely discriminates the island from the fault, as well
as the switching events. However, due to the use of communication channels, the cost of
the IDM’s implementation is high. In [9], the authors proposed a hybrid passive-active
systematic methodology for the detection of islanding events. This IDM is effective at
overcoming the drawbacks of the passive IDM. A fuzzy classifier for different circumstances,
including the NDZ, is effectively used in this method. This IDM has high accuracy, is robust
and fast, and can be easily implemented for inverter-based RE generators. This IDM is
effective at maintaining the quality of power. However, in instances where the fuzzy rule
fails to detect the islanding, the active mode of the inverter starts and reactive power
injection is initiated. In [10], the authors presented a detailed study on the analysis and
verification of IDMs for grid-integrated PV plants. This method is effective against false-
positive detection due to the transients injected into the grid from outside sources.
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1.2. Research Gaps

After a detailed analysis of the existing literature, it is seen that the performance of
IDMs based on the use of one type of mathematical formulation suffers from any one
of the demerits such as low efficiency, a high NDZ, false tripping, failure when external
transients are available, etc. The performance of these IDMs might be improved by a hybrid
combination of the signal analysis methods, which is the research objective for this paper.

1.3. Research Contributions

The following are the research contributions:

*  An HIDM based on the hybrid combination of the ST, HT, and ALC is designed. This
considers the processing of the current signals using the ST to compute the SIDF and
CIDF. Currents are also processed using the HT and ALC to compute the HIDF and
AIDE, respectively. The SIDF, CIDF, HIDF, AIDF, and IWF are multiplied to compute
the HIDI. This HIDM combines the merits of the ST, HT, and ALC, which resulted in
the following merits of the proposed HIDM:

—  The HIDM is effective at detecting islanding conditions and discriminating these
events, fault events, and the operational conditions using the threshold HIDIT
and HIDIFT

-  The HIDM is effective at detecting the islanding condition in the availability of
the noise of 20 dB SNR.

—  The HIDM has a small non-detection zone.

—  The performance of the HIDM is not affected even with a 100% RE penetration
level. However, the performance of the HIDM considering individual applica-
tions of either of the ST, HT, or ALC deteriorate when the RE penetration level
increases above 50%.

e The HIDM was effectively tested on an IEEE-13 node network with a 50% and 100%
contribution in the generation mix from RE plants (both solar and wind).

¢ The HIDM can effectively be used to identify the islanding conditions in a real-time
distribution feeder of a practical utility grid.

*  The performance of the HIDM is better relative to an IDM considering the DWT, an
IDM using a combination of the slantlet transform and RPNN, an IDM using the
wavelet transform multi-resolution (WT-MRA)-based image data, and an IDM based
on the use of a Deep Neural Network (DNN).

1.4. Structure of the Paper

The contents of the paper are organized into nine sections. The Introduction, literature
review, background of the research, research gaps, research contribution, and organization
of the paper are discussed in Section 1. The test power grid and technical parameters are
detailed in Section 2. The HIDM and related mathematical formulations are elaborated
in Section 3. Section 4 elaborates on the results and their discussion for the detection of
islanding events. The results and discussion for the detection of fault events are elaborated
in Section 5. The results and their discussion to detect operational events are elaborated
in Section 6. The real-time validation of the HIDM is included in Section 7. The relative
performance comparison of the HIDM is elaborated in Section 8. The research work
summary and conclusions are included in Section 9.

2. Test Utility Grid

The IEEE-13 node test system, rated at 5 MVA and 4.16 kV, was used to perform the
study of islanding event detection in utility networks where a high RE generation mix is
available. This was an electric power distribution system that consists of thirteen buses,
twelve branches, six loads, and one generator. A generator was implemented to represent a
large-area network of power. A solar generation plant (SGP) of a capacity of 1 MW and
a wind generation plant (WGP) of a capacity of 1.5 MW were connected to 680 nodes of
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the test network using the transformers SGP-GT and WGP-GT, respectively. This ensured
a 50% and 100% contribution of RE in the generation mix to meet the load demand of
the test system. The test system configuration and network topology are described in
Figure 1. This test system was integrated into a large-area utility network using a utility
grid transformer (UG-T). A distribution feeder transformer (DF-T) was equipped between
nodes 633 and 634, which helps to maintain node 634 at 0.48 kV. An island formation
switch (IFS) was equipped near node 650, which was used for island formation in the test
system. The details of the loads and transformers in the test system are included in Table 1
and Table 2, respectively [11,12]. The SGP was formed by a solar photovoltaic (PV) array,
which was formed by the integration of 66 parallel strings. Each string consisted of five
modules integrated in series. The SGP plant was integrated into node 680 of the test system
using a DC/DC converter, a DC/AC converter, and the SGP-GT. The details of the various
components of the SGP and associated equipment are available in [13,14]. The WGP was
formed by a doubly fed induction generator (DFIG) and wind mills. The WGP plant was
connected to node 680 of the test system with the help of the WGP-GT. The details of the
various components of the WGP and associated equipment are available in [15,16]. This
test system was modeled using the MATLAB software (2017a).

Utility Grid

UGT  ~mee

eeee——— 5 ()

IFS
DF-T
646 645 632 633 f 634
C C O
¢y
611 684 671 692 675
@ (=
@ 680 Ao
652 7 Y
, 7 Solar
: PV
;2 | | i Modules
W(‘;Ig-GT sGp-GT . DPC/AC  DC/DC

Converter Converter

Figure 1. Test utility network with renewable energy generators.

Table 1. Load details of test system.

S. No. Node Number Load Detail

1 634 400 kW and 290 kVAr

2 645 170 kW and 125 kVAr

3 646 230 kW and 132 kVAr

4 652 128 kW and 86 kVAr

5 671 1255 kW and 718 kVAr

6 675 843 kW and 462 kVAr

7 692 170 kW and 151 kVAr

8 611 170 kW and 80 kVAr

9 632-671 200 kW and 116 kVAr distributed load
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Table 2. Technical data of transformers equipped in test system.
S. No. Transformer Symbol MAV Rating Voltage Ratio
1 UG-T 10 MVA 115kV/4.16 kV
2 DF-T 5MVA 416 kV/0.48 kV
3 WGP-GT 5MVA 4.16 kV/0.575 kV
4 SGP-GT 1 MVA 416 kV/0.270 kV

3. Multi-Variable Hybrid Islanding Detection Method

This section demonstrates the various steps used for the design of the hybrid islanding-
detection method (HIDM). A hybrid islanding-detection indicator (HIDI) was designed to
recognize the islanding conditions in the utility grid with a high RE mix in the generation.
The HIDI also discriminated between islanding events and faulty and operational events.
The HIDI was computed using the Hilbert islanding-detection factor (HIDF), the Stockwell
islanding-detection factor (SIDF), the covariance islanding-detection factor (CIDF), and
the Alienation-Coefficient-based islanding-detection factor (AIDF). The HIDEF, SIDEF, CIDF,
AIDF, and HIDI are elaborated in this section in detail. All the steps of the HIDM to detect
and discriminate the islanding events from operational and faulty events are elaborated in
Figure 2. The mathematical formulation of all the steps of the HIDM was designed using

the MATLAB software.

Perform an event on the test system and
record current signals of all the three phases

v \ y

Decompose current signals using ST and
compute STMAS, STMBS, STMCS,
STMAM, STMBM and STMCM

y v

Compute CIDF from Compute SIDF from STMAS,
STMAS, STMBS, STMBS, STMCS, STMAM,
and STMCS STMBM and STMCM

v y

[Compute HIDI by multiplying the HIDF, SIDF, CIDF, and AIDF element to element and a weight factor. Set the magnitudes of thresholsd HIDIT and HIDIFT]

Decompose current signals using HT and Decompose current signals using
compute HIDF alienation coefficient and compute AIDF

"o Fault event zone and
fault event is detected

Operational event zone and
operational event is detected

Islanding event zone and
islanding event is detected

Figure 2. Hybrid islanding-event-detection algorithm.

3.1. Hilbert Islanding-Detection Factor

The HIDF was computed by processing the currents of all the phases using the Hilbert
transform (HT). The current of phase A (i1 (7)) was processed using the HT to compute the
HIDF for phase A (HIDFA) as detailed below [17]:

@

oo 7
HIDFA =| % / (zt{?) dr |

where f is the time and 7 is the sampling time interval. Equation (1) is solved using
the convolution of the current signal considering periodic summation [18]. Similarly,
the HIDF for phase B (HIDFB) and the HIDF for phase C (HIDFC) were computed by
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processing the current of phase B (i»(7)) and the current of phase C (i3(7)), respectively.
The HIDF was computed by taking the arithmetic mean of the HIDFA, HIDFB, and HIDFC

as detailed below: HIDEA + HIDEB + HIDFC
HIDF = + - + @)

3.2. Stockwell Islanding-Detection Factor

The SIDF was obtained by processing the currents of all the phases using the Stockwell
transform (ST). The current of phase A (i1(t)) was processed using the ST to compute the
output matrix with absolute values for phase A (STMA) as detailed below [19]:

—+o00 2712 .
STMA =| /_oo il(t)\|/£7[e‘f S st gy | 3)

where f is the frequency and ¢ is the time. Equation (3) was solved using the discrete version,
and the approximation was performed by considering f — n/NT and T — jT. Here, n:
the instantaneous sample number, N: the total number of samples, and T: the time period
of the current signal. The STMA is a complex matrix, which has signal information. The
rows and columns of this matrix represent the time and frequency spectrum, respectively.
The matrix elements compute the time-frequency contours and can be used to compute
the energy vector of the instantaneous frequency using Parseval’s theorem [20,21]. The
currents of phase B (i»(t)) and phase C (i3(t)) are also processed using Equation (3) for
computing the ST output matrix with absolute values for phase B (STMB) and phase C
(STMCQ), respectively. We compute the summation of every element of each column of
matrix STMA (STMAS) as described below:

STMAS =¥/ (z;ﬁz?S(STMA)) @)

where i and j indicate the row numbers and column numbers of the STMA matrix, re-
spectively. Similarly, the summation of every element of each column of the matrix STMB
(STMBS) and the summation of every element of each column of the matrix STMC (STMCS)
are computed. The median of the STMA (STMAM) is computed by the relation below:

STMAM = median(STMA) (5)

Each element of the STMAM matrix indicates the median of the respective column of
the STMA matrix, which is computed as described below:

(5)term + (% 4+ 1) term

dian =
median >

(6)

Here, n is the total row numbers in the STMA matrix, which equal 384. Similarly, the
median of the STMB and STMC matrices are computed to obtain the STMBM and STMCM,
respectively. The Stockwell islanding-detection factor for phase A (SIDFA)is evaluated by
element by element multiplication of the STMAS and STMAM as described below:

SIDFA = STMAS x STMAM 7)

The Stockwell islanding-detection factor for phase B (SIDFB) is evaluated considering
the element by element multiplication of the STMBS and STMBM. Similarly, the Stockwell
islanding-detection factor for phase C (SIDFC) is evaluated considering the element by
element multiplication of the STMCS and STMCM. The Stockwell islanding-detection factor
(SIDF) is evaluated by taking the arithmetic mean of the SIDFA, SIDFB, and SIDFC

IDFA + SIDFB + SIDE
— +s3 + SIDFC .
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3.3. Co-Variance Islanding-Detection Factor

The co-variance islanding-detection factor for phase A (CIDFA) is computed by con-
sidering samples of the current cycle (X) and samples of the previous cycle (healthy nature
cycle) (Y) of the STMAS as described below:

CIDFA = Z(XZ”\]YZ‘) 9)

Here, N indicates the number of scores in each set of data, which is 64 samples per
cycle. X represents the mean of the N scores in the current cycle data set, and Y represents
mean of the N scores in the previous cycle data set. This operation is performed using the
inbuilt function of MATLAB as detailed below:

CIDFA = cov(STMAS) (10)

The co-variance islanding-detection factor for phase B (CIDFB) and co-variance
islanding-detection factor for phase C (CIDFC) are computed from the STMBS and STMCS,
respectively. The co-variance islanding-detection factor is computed by taking the arith-
metic mean of the CIDFA, CIDFB, and CIDFC as detailed below:

CIDF — CIDPA+CI[3)FB+CIDFC (11)

3.4. Alienation Islanding-Detection Factor

The Alienation islanding-detection factor (AIDF) is computed by processing the
currents of all phases using the Alienation Coefficient (ALC). The Alienation islanding-
detection factor for phase A (AIDFA) is computed by the sample-based Alienation Coeffi-
cients of the current of phase A taking a sampling frequency of 3.84 kHz. The AIDF for
phase A (AIDFA) is evaluated considering the relation below [22]:

AIDFA =1— RA? (12)

Here, RA indicates the correlation coefficient of the variables x and y for phase A.
Here, the variable x represents the mean of the N scores in the current cycle data set, and
the variable y represents the mean of the N scores in the previous cycle data set. The
correlation coefficient RA is computed using the formulation below [22].

VINs % = (Cx)?][Ns Zy? — (Zy)?]
where N; indicates the sample numbers, which equal 64. Similarly, the AIDF for phase B
(AIDFB) and AIDF for phase C (AIDFC) are computed by processing the currents of phase

B and phase C, respectively. The AIDF is computed by taking the arithmetic mean of the
AIDFA, AIDFB, and AIDFC as detailed below:

AIDF — AIDFA—!—AIEFB—FAIDFC (14)

3.5. Hybrid Islanding-Detection Indicator

The hybrid islanding-detection indicator (HIDI) is computed by multiplying the
HIDE, SIDF, CIDF, and AIDF element by element and an islanding weight factor (IWF) as
detailed below:

HIDI = HIDF x SIDF x CIDF x AIDF x IWF (15)

Here, the IWF is considered equal to 8 x 10°. Two thresholds were selected for
detecting the islanding conditions and also to discriminate such events from fault events
and operational events. The first threshold is known as the hybrid islanding-detection
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indicator threshold (HIDIT), which is considered equal to 200. The second threshold is
known as the hybrid islanding-detection indicator fault threshold (HIDIFT), which is
considered equal to 10!°. The magnitudes of the HIDIT and HIDIFT were considered after
testing the algorithm on 25 data sets of all events investigated in this research. This data
set was evaluated by varying the event incidence angle, fault impedance, different levels
of RE generation, events at different nodes of the test system, etc. Different zones for the
detection of islanding, faults, and operational events are shown in Figure 3. For the event
for which the peak magnitude of the HIDI is higher than the HIDIFT, then the event will be
identified as a fault event. For the event for which the peak value of the HIDI is lower than
the HIDIT, then the event will be identified as an operational event. If the peak value of the
HIDI is higher than the HIDIT and less than the HIDIFT, then the event will be identified
as an islanding event.

A

Fault Event Zone

HIDIFT
HIDI Islanding Event Zone
HIDIT

Operational Event Zone

>

Time (s)
Figure 3. Different zones of events.

4. Detection of Islanding Events: Simulation Results and Discussion

The results of the simulation and their discussion for the identification of islanding
events with generation from both the WGP and SGP, generation from the SGP, and gen-
eration from the WGP are discussed in this section. The results for the analysis of the
impact of the islanding incidence angle on the efficacy of the HIDM are also discussed
in this section. The results for islanding detection in noisy scenarios are also discussed.
The results to determine the non-detection zone (NDZ) are also discussed in this section.
The results are plotted for a 12-cycle time period. The current signals used to obtain the
results of islanding detection demonstrated in this section were synthetically generated by
simulation studies performed on the test system of a utility network with the RE generators
described in Figure 1 using the MATLAB software. The results of this section are related
to the event of sudden islanding, where the complete network with all generators, loads,
capacitors, and reactors is in a circuit and also in an energized state.

4.1. Detection of Islanding Event with Generation from WGP and SGP

The test system was simulated with generation from both the WGP and SGP. The IFS
switch was opened at 0.1 s to form the island of the test system. The currents of all phases
were captured on node 632 of the test system. The current signals were processed using the
HIDM to evaluate the HIDEF, SIDF, AIDF, and HIDI. The current waveform of all phases,
HIDE, SIDF, AIDEF, and HID], is depicted in Figure 4a—e in the respective sequence. The
maximum magnitude of the HIDI and the computational time of the HIDM are tabulated
in Table 3 and Table 4, respectively.
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Figure 4. Detection of islanding with WGP and SGP generation: (a) current waveform; (b) HIDF;
(c) SIDF; (d) AIDF; (e) HIDI.

Figure 4a indicates the decrease in current due to the islanding event at 0.1 s. The
magnitude of the HIDF is also reduced after an islanding event, as illustrated in Figure 4b.
Figure 4c elaborates that the SIDF has a zero value before and after islanding incidence
and becomes high at the instant of islanding incidence. Figure 4d represents that the
value of the AIDF is zero before and after islanding incidence and becomes high at the
moment of islanding event occurrence. However, spikes are observed for a window of
one cycle. Figure 4e elaborates that the value of the HIDI is zero prior to island formation
and becomes higher than the HIDIT. However, the peak magnitude is lower relative to the
HIDIFT. Hence, the peak of the HIDI falls in the islanding event zone. Hence, islanding
with WGP and SGP generation is effectively detected, as well as discriminated from fault
and operational events. The computational time of the HIDM for islanding detection with
both the WGP and SGP is 0.278454 ms.

Table 3. Maximum magnitude of HIDI.

S. No. Islanding/Fault/Operational Event Maximum HIDI

1 Islanding event with WGP and SGP generation 2928.9

2 Islanding event with generation from SGP 5.9226 x 108
3 Islanding event with generation from WGP 52911 x 10°
4 Phase to ground fault 1.9427 x 101!
5 Phase to phase fault 2.441 x 101
6 Two phases to ground fault 2.3601 x 1013
7 Three-phase fault 1.6289 x 1013
8 Three phases to ground fault 2.6822 x 1012
9 Feeder operation 9.028

10 Capacitor operation 49.782

11 Load operation 5.699 x 107°
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Table 4. Islanding detection time of the HIDM.
S. No. Islanding/Fault/Operational Event Computational Time (ms)
1 Islanding event with WGP and SGP generation 0.278454
2 Islanding event with generation from SGP 1.650991
3 Islanding event with generation from WGP 0.443420
4 Phase to ground fault 1.320318
5 Phase to phase fault 1.631831
6 Two phases to ground fault 0.418473
7 Three-phase fault 1.397293
8 Three phases to ground fault 0.629446
9 Feeder operation 0.247305
10 Capacitor operation 0.282738
11 Load operation 0.344931

4.1.1. Testing of HIDM for Different Islanding Incidence Angles

The HIDM was tested to identify islanding conditions with generation from the WGP
and SGP for occurrence angles of 0°, 30°, 60°, 90°, 120°, 150°, and 180°. The peak magnitude
of the HIDI for the different occurrence angles is included in Table 5. This shows that the
peak value of the HIDI is less than the HIDIFT and higher than the HIDIT. Hence, it falls in
the islanding event zone, which indicates that islanding events are effectively recognized
for different incidence angles, and this event is also differentiated from fault conditions and
operational events.

Table 5. Peak magnitude of HIDI for different incidence angles.

S. No. Islanding Incidence Angle Peak Magnitude of HIDI
1 0° 2928.9
2 30° 1.5447 x 10°
3 60° 1.5447 x 10°
4 90° 64,472
5 120° 64,472
6 150° 41167 x 10°
7 180° 41167 x 10°

4.1.2. Impact of Noise on HIDM Performance

The HIDM was tested for detecting the islanding event with generation from the WGP
and SGP in the scenario of 20 dB SNR noise. The islanding event was simulated, and the
currents were captured on test bus 632. The noise of level 20 dB SNR is superimposed on
the current waveform. The current with noise was decomposed by the application of the
HIDM, and the HIDI was evaluated, which is illustrated in Figure 5. The peak magnitude
is equal to 4.28326 x 10°, which falls in the islanding event zone. Hence, the islanding
condition with generation from the WGP and SGP in the scenario of a 20 dB SNR noise
level is effectively detected using the proposed HIDM.

<108

3
HIDI
25+ HIDIT
1000
2L
B 45L
= 15[ 500
1L
o L,
05 0.05 0.1 0.15 \
0
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time (s)

Figure 5. HIDI for islanding event with generation from both WGP and SGP in the scenario of 20 dB
SNR noise.



Energies 2024, 17, 877

11 of 23

4.1.3. Determination of NDZ of Islanding Event

A non-detection zone (NDZ) is an operational zone in which an islanding event is not
detected by the HIDM. This indicates a mismatch between the power taken by the load
and the generated power. The following mathematical formulation is used to detect the
NDZ [23]:

AP =3V xI—-3(V+AV)xI=-3AV x1I (16)

where V =4.16 kV is the network rated voltage and I represents the current supplied by the
utility grid to the test network. The NDZ range was considered to be 0.92 pu to 1.1 pu. A
mismatch in real power was obtained by changing the generated power from the WGP and
SGP. Various operating scenarios of power mismatch and voltage are included in Table 6.
The NDZ limits where the islanding condition is not detected are marked as IND (islanding
not detected), and limits where the islanding event is identified are marked as ID (islanding
detected). It is observed that the NDZ limits for the HIDM in terms of power mismatch and
voltage are indicated as (a) AP = —4 kW to AP =5kW at V = 1.0 puand (b) V = 0.96 pu
toV = 1.1 puat AP = 0 kW. AP is taken as positive for the scenario when the power
generated on the island is high relative to the load on the island and vice versa. The NDZ
limits of the HIDM are normal and permissible in general conditions. For these limits of
the NDZ, the proposed HIDM will work well.

Table 6. Islanding NDZ of HIDM.

AP Voltage (pu)

(kW) 0.92 0.94 0.96 0.98 0.99 1.0 1.02 1.06 11
7 ID ID ID ID ID ID ID ID ID
6 ID ID 1D ID ID 1D 1D ID 1D
5 ID ID 1D ID ID IND 1D ID 1D
4 ID ID ID ID IND IND IND ID ID
3 ID ID 1D ID IND IND IND IND 1D
2 ID ID 1D IND IND IND IND IND IND
1 ID ID ID IND IND IND IND IND IND
0 ID ID IND IND IND IND IND IND IND

-1 ID ID 1D IND IND IND IND IND IND
-2 ID ID ID ID IND IND IND IND IND
-3 ID ID 1D ID IND IND IND IND 1D
—4 ID ID 1D ID ID IND IND ID 1D
-5 ID ID 1D ID ID ID 1D ID ID
—6 ID ID 1D ID ID 1D 1D ID ID
-7 ID ID 1D ID ID 1D 1D ID ID

4.2. Detection of Islanding with SGP

The test system was simulated with data from the SGP. The IFS switch was opened at
0.1 s to form the island of the test network with solar generation. The currents of all phases
were captured on node 632 of the test system. The current signals were analyzed using the
proposed method to compute the HIDE, SIDF, AIDEF, and HIDI. The current waveforms
of all phases, HIDF, SIDF, AIDF, and HID], are depicted in Figure 6a—e in their respective
sequences. The maximum magnitude of the HIDI and the computational time of the HIDM
are included in Table 3 and Table 4, respectively.

Figure 6a illustrates that the current decreases and becomes zero at the moment of
the islanding condition at 0.1 s. The magnitude of the HIDF is also reduced after an
islanding event, as elaborated in Figure 6b. Figure 6¢ elaborates that the value of the SIDF
becomes high at the moment of islanding condition incidence, which is zero before and after
islanding condition incidence. Figure 6d elaborates that the value of the AIDF is zero before
and after the islanding condition and becomes high at the instant of the islanding event
occurrence. However, spikes are observed for a window of one cycle. Figure 6e elaborates
that the magnitude of the HIDI is zero before island formation and becomes higher than
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SIDF

the HIDIT. However, the peak magnitude is low relative to the HIDIFT. Hence, the peak
value of the HIDI falls in the islanding event zone. Therefore, islanding conditions with
the SGP are effectively detected, as well as differentiated from both faulty and operational
conditions. The computational time of the HIDM for islanding detection with both the
WGP and SGP is 1.650991 ms.
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Figure 6. Detection of islanding event with generation from SGP: (a) current waveform; (b) HIDF;
(c) SIDF; (d) AIDF; (e) HIDL

4.3. Detection of Islanding with WGP

The test system was simulated with data from the WGP. The IFS switch was opened at
0.1 s to form the island of the test system with wind generation. The currents of all phases
were captured on node 632 of the test system. The current signals were analyzed using the
HIDM to compute the HIDEF, SIDE, AIDF, and HIDI. The current waveforms of all phases,
HIDE, SIDF, AIDE, and HID], are depicted in Figure 7a—e in their respective orders. The
maximum magnitude of the HIDI and the computational time of the HIDM are tabulated
in Table 3 and Table 4, respectively.

Figure 7a illustrates that the current decreases and becomes zero due to island for-
mation at 0.1s. The magnitude of the HIDF is also reduced after an islanding event, as
depicted in Figure 7b. Figure 7c elaborates that the value of the SIDF becomes high at the
moment of islanding event incidence, which is zero before and after the islanding condition.
Figure 7d indicates that the magnitude of the AIDF is zero before and after the islanding
condition and becomes high at the moment of the islanding condition. However, spikes are
observed for a window of one cycle. Figure 7e elaborates that the magnitude of the HIDI is
zero before island formation and becomes higher than the HIDIT due to island formation.
However, the peak magnitude is low relative to the HIDIFT. Hence, the peak value of the
HIDI falls in the islanding event zone. Therefore, islanding conditions with the WGP are
effectively detected, and this is differentiated from both faulty and operational events. The
computational time of the HIDM for islanding detection with the WGP is 0.443420 ms.
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Figure 7. Detection of islanding event with generation from WGP: (a) current waveform; (b) HIDF;
(c) SIDF; (d) AIDF,; (e) HIDI.

4.4. High Penetration Level of RE (100%)

The test system was simulated considering a generation mix of 2 MW solar power
and 3 MW wind power to meet the load demand of the test system of 5 MVA. Hence, an
RE penetration level of 100% was achieved. The IFS switch was opened at 0.1 s to form
the island of the test system. The currents of all phases were captured on node 632 of the
test system. The current signals were processed using the HIDM to evaluate the HIDI,
as demonstrated in Figure 8. It was inferred that the peak magnitude of the HIDI is zero
before island formation and becomes higher than the HIDIT. However, the peak magnitude
is low relative to the HIDIFT. Hence, the peak value of the HIDI falls in the islanding event
zone. Therefore, an islanding condition with a 100% RE penetration level is effectively
detected, and this is differentiated from both faulty and operational events. Further, the
peak magnitude of the HIDI for 100% RE penetration is higher compared to the scenario of
50% RE penetration.
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Figure 8. HIDI for islanding with 100% RE penetration.
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5. Testing of HIDM to Identify and Discriminate the Fault Events from Islanding Events:
Simulation Results and Discussion

In this section, the discussion of the results for the identification of fault conditions
and discriminating the same from islanding events is included. The investigated fault
conditions include phase to ground (LG), phase to phase (LL), two phases to ground (LLG),
three phases (LLL), and three phases to ground (LLL). The current signals used to obtain
the results of fault detection demonstrated in this section were synthetically generated by
simulation studies performed on the test system of a utility network with the RE generators
described in Figuree 1 using the MATLAB software.

5.1. Phase to Ground Fault

The test system was simulated with generation from both the WGP and SGP. An LG
fault was realized at 0.1 s on junction 671 of the test system. The currents of each phase
were captured at junction 632 of the test system. The current signals were processed using
the proposed method to compute the HIDF, SIDF, AIDF, and HIDI. The current waveform
of all phases with the LG fault, HIDF, SIDF, AIDF, and HID], are depicted in Figure 9a—e in
their respective order. The maximum magnitude of the HIDI and the computational time of
the HIDM for the condition of the LG fault are included in Table 3 and Table 4, respectively.
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Figure 9. Testing of HIDM for LG fault: (a) current waveform; (b) HIDF; (c) SIDF; (d) AIDF; (e) HIDI.

Figure 9a depicts that the current of phase A increases after the LG fault at 0.1 s, while
the currents of phases B and C remain at the same value. The peak of the HIDF increased
after the LG fault, as elaborated in Figure 9b. Figure 9c elaborates that the value of the
SIDF becomes high at the moment of LG fault occurrence, which is zero before and after
the LG fault. Figure 9d illustrates that the value of the AIDF is zero prior to and after the
LG fault and becomes high at the moment of the LG fault. However, spikes are observed
for a window of one cycle. Figure 9e elaborates that the value of the HIDI is zero prior to
the LG fault event and becomes higher than the HIDIFT at the moment of fault. Hence,
the peak value of the HIDI falls in the fault event zone. Therefore, LG fault events in the
presence of both the WGP and SGP are effectively detected and also differentiated from
both islanding and operational conditions. The computational time of the HIDM for LG
fault event detection with both the WGP and SGP is 1.320318 ms.
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5.2. Phase to Phase Fault

The test system was simulated with generation from both the WGP and SGP. An LL
fault was realized at 0.1 s on junction 671 of the test system. The currents of every phase
were captured at junction 632 of the test system. The current signals were decomposed
using the HIDM for computing the HIDF, SIDF, AIDF, and HIDI. The current waveforms
of all phases with the LL fault and HIDI are elaborated in Figure 10a,b, respectively. The
maximum value of the HIDI and the computational time of the HIDM for the LL fault are
included in Table 3 and Table 4, respectively.
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Figure 10. Testing of HIDM for LL fault: (a) current waveform; (b) HIDL

Figure 10a depicts that the current of phases A and B becomes high due to the LL
fault event at 0.1 s, while the current of phase C remains unaltered. Figure 10b elaborates
that the magnitude of the HIDI is zero prior to the LL fault and becomes higher than the
HIDIFT due to the LL fault. Hence, the peak value of the HIDI falls in the fault event zone.
Therefore, LL fault events with both the WGP and SGP are efficiently detected and also
differentiated from both the islanding and operational conditions. The computational time
of the HIDM for LL fault event detection with both the WGP and SGP is 1.631831 ms.

5.3. Two Phases to Ground Fault

The test system was simulated with generation from both the WGP and SGP. An LLG
fault was realized at 0.1s on junction 671 of the test system. The currents of every phase
were captured at junction 632 of the test system. The current signals were decomposed
using the HIDM for computing the HIDF, SIDF, AIDF, and HIDI. The HIDI for the LLG fault
event is depicted in Figure 11. The maximum magnitude of the HIDI and the computational
time of the HIDM for the LLG fault are included in Table 3 and Table 4, respectively.

Figure 11 illustrates that the magnitude of the HIDI is zero prior to the LLG fault
event and attains values higher than the HIDIFT due to the LLG fault. Hence, the peak
magnitude of the HIDI falls in the fault event zone. Therefore, LLG fault events with the
WGP and SGP are efficiently detected and also differentiated from both islanding and
operational conditions. The computational time of the HIDM for LLG fault event detection
with both the WGP and SGP is 0.418473 ms.
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Figure 11. HIDI for testing the HIDM to identify LLG fault.

5.4. Three-Phase Fault

The test system was simulated with generation from both the WGP and SGP. An LLL
fault was realized at 0.1s on node 671 of the test system. The currents of every phase were
captured at junction 632 of the test system. The current signals were processed by applying
the HIDM to compute the HIDF, SIDFE, AIDF, and HIDI. The current waveform of all phases
with the LLL fault and HIDI is depicted in Figure 12. The maximum magnitude of the
HIDI and the computational time of the HIDM in the event of an LLL fault are included in
Table 3 and Table 4, respectively.
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Figure 12. Testing of HIDM for LLL fault event: (a) current waveform; (b) HIDI plot.

Figure 12a depicts that the current of every phase increases due to the LLL fault at 0.1 s.
Figure 12b elaborates that the magnitude of the HIDI is zero before the LLL fault event
and becomes higher than the HIDIFT due to the LLL fault. Hence, the peak magnitude
of the HIDI falls in the fault event zone. Therefore, LLL faults with both the WGP and
SGP are efficiently detected and also differentiated from both the islanding and operational
conditions. The computational time of the HIDM for LLL fault event detection with both
the WGP and SGP is 1.397293 ms.
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5.5. Three Phases to Ground Fault

The test system was simulated with generation from both the WGP and SGP. An LLLG
fault was realized at 0.1s on junction 671 of the test system. The currents of every phase
were recorded at junction 632 of the test system. The current signals were processed using
the HIDM for computing the HIDF, SIDF, AIDF, and HIDI. The HIDI for the LLLG fault is
depicted in Figure 13. The maximum magnitude of the HIDI and the computational time
of the HIDM for the LLL fault are included in Table 3 and Table 4, respectively.
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Figure 13. HIDI for the event of LLLG fault.

Figure 13 elaborates that the magnitude of the HIDI is zero prior to the LLLG fault
and becomes higher than the HIDIFT due to the LLLG fault. Hence, the peak magnitude of
the HIDI falls in the fault event zone. Therefore, LLLG faults with the WGP and SGP are
efficiently detected and also differentiated from both islanding and operational conditions.
The computational time of the HIDM for LLLG fault event detection with both the WGP
and SGP is 0.629446 ms.

6. Testing of HIDM to Identify and Discriminate the Operational Events from Islanding
Events: Simulation Results and Discussion

This section discusses the results to detect operational conditions and differentiate
them from islanding conditions. The investigated operational events include the feeder
operation, capacitor operation, and load operation. The current signals used to obtain
the results of operational event detection demonstrated in this section were synthetically
generated by simulation studies performed on the test system of a utility network with the
RE generators described in Figure 1 using the MATLAB software. These switching events
may be for maintenance purposes or for load curtailment purposes.

6.1. Feeder Operation

The test system was simulated with generation from both the WGP and SGP. A feeder
opening event was simulated by opening the switch between junctions 671 and 692 at
0.0667 s and re-closing at 0.133 s. The currents of every phase were captured at junction
632 of the test system. The current signals were processed by applying the HIDM for
computing the HIDE SIDF, AIDF, and HIDI. The current waveform of all phases with feeder
operation events (HIDEF, SIDFE, AIDF, and HIDI) is depicted in Figure 14a—e, respectively.
The maximum magnitude of the HIDI and the computational time of the HIDM for the
event of feeder operation are tabulated in Table 3 and Table 4, respectively.

Figure 14a illustrates that small-magnitude variations of the current in all phases are
observed at the moments of feeder opening and closing. The value of the HIDF decreases
at the moment of feeder opening and, again, increases at the moment of feeder closing
with small-magnitude oscillations, as detailed in Figure 14b. Figure 14c elaborates that the
value of the SIDF becomes high at the moment of feeder opening and closing. At all other
times, the SIDF is zero. Figure 14d elaborates that the value of the AIDF becomes high
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at the moment of feeder opening and closing. Figure 14e elaborates that the value of the
HIDI becomes high at the moment of feeder operation and closing, but the peak value is
always less than the HIDIT, which falls in the operational event zone. Therefore, feeder
operation events in the presence of both the WGP and SGP are effectively detected and
also differentiated from both islanding and fault conditions. The computational time of the
HIDM for operational event detection with both the WGP and SGP is 0.247305 ms.
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Figure 14. Testing of HIDM for feeder operation: (a) current waveform; (b) HIDF; (c) SIDF; (d) AIDF;
(e) HIDI.

6.2. Capacitor Operation

The test system was simulated with generation from both the WGP and SGP. A
capacitor operation condition was simulated by disconnecting the capacitor of rating
600 kVAR connected on junction 675 of the test system at 0.0667 s and re-connecting at
0.133 s. The currents of all phases were captured at junction 632 of the test system. The
current signals were processed by the application of the HIDM for computing the HIDF,
SIDE, AIDF, and HIDI. The HIDI for the capacitor operation event is depicted in Figure 15.
The maximum magnitude of the HIDI and the computational time of the HIDM in the
event of capacitor operation are tabulated in Table 3 and Table 4, respectively.

Figure 15 elaborates that the magnitude of the HIDI becomes high at the time of
capacitor disconnecting and re-connecting, but the peak magnitude is always less than the
HIDIT, which falls in the operational event zone. Therefore, capacitor operation events in
the presence of both the WGP and SGP are efficiently detected and also differentiated from
both islanding and fault conditions. The computational time of the HIDM for the capacitor
operation event detection with both the WGP and SGP is 0.282738 ms.
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Figure 15. HIDI for the event of capacitor operation.

6.3. Load Operation

The test system was simulated with generation from both the WGP and SGP. The load
operation condition was simulated by disconnecting the load of 843 kW and 462 kVAR
connected on junction 675 of the test system at 0.0667 s and re-connecting at 0.133 s. The
current signals were processed using the HIDM for computing the HIDEF, SIDF, AIDF,
and HIDI. The HIDI for the load operation event is depicted in Figure 16. The maximum
magnitude of the HIDI and computational time of the HIDM for the event of load operation
are tabulated in Table 3 and Table 4, respectively.
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Figure 16. HIDI for the event of load operation.

Figure 16 elaborates that the magnitude of the HIDI becomes high at the time of
load disconnecting and re-connecting, but the peak magnitude is always less than the
HIDIT, which falls in the operational event zone. Therefore, load operation events in
the presence of both the WGP and SGP are effectively detected and also differentiated
from both islanding and fault conditions. The computational time of the HIDM for load
operation event detection with both the WGP and SGP is 0.344931 ms.

7. Real-Time Validation of HIDM

This section validates the HIDM by extracting the current signals from a practical
distribution network facility. The HIDM was tested for detecting the islanding event that
occurred on a practical distribution power system network in Rajasthan State, India. The
investigated distribution feeder is rated at 33 kV and emanates from a 33/11 kV grid
sub-station (GSS). The details of the load and RE plants connected to the distribution
feeder are included in Table 7. This feeder was manually tripped from the 33/11 kV GSS,
and the current was captured for a period of 0.2 s. The current samples were recorded
using a disturbance recorder (DR) installed on the feeder. The sampling rate used by the
disturbance recorder is 2.5 x 10* samples per second. The main components of the DR
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include the central processing unit (CPU) module, measurement input module, binary
input module with hysteresis of input current levels, and power supply module. The
modules are integrated into internal communication buses. Communication is performed
using an Ethernet network channel and various protocols. This current is processed using
the HIDM, and the HIDI was evaluated, which is illustrated in Figure 17. It was observed
that the peak value of the HIDI was equal to 1.5881 x 10°, which falls in the islanding
event zone of the proposed HIDM. Hence, it has been established that the HIDM effectively
detected the islanding condition incident on the real-time distribution feeder.

Table 7. Load and RE generation details of real-time distribution feeder.

S. No. Name of Parameter Quantity of Parameter
1 Load 9.28 MW
2 Rooftop solar plant 0.9 MW
3 Solar PV plant 3.40 MW
4 Wind power plant 1.0 MW
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Figure 17. HIDI for islanding event on a practical distribution feeder.

8. Relative Performance of HIDM

The performance of the multi-variable HIDM was compared with the islanding-
detection method (IDM) using the DWT [24], the IDM using a combination of the slantlet
transform and RPNN [25], the IDM using the wavelet transform multi-resolution (WT-
MRA)-based image data [26], and the IDM based on the Deep Neural Network (DNN) [27].
The performance was compared in terms of the RE penetration level for which the IDM
detects events effectively, the sampling frequency, the computational time, the noise level
for which the performance of the IDM is not affected, and the NDZ. A performance
comparison study of the considered IDMs is provided in Table 8. This shows that, in terms
of the parameters considered for the comparison study, the performance of the HIDM
is better compared to that of the IDMs using DWT, a hybrid combination of the slantlet
transform and RPNN.

Table 8. Islanding non-detection zone of HIDM.

Noise Level for
RE Penetration Sampling Computational Performance of

S. No. Reference Technique Level Frequency Time Algorithm Is Not NDz
Deteriorated
1 [24] DWT 20% 6.4 kHz 2s 40 dB SNR High
_ Slantlet o .
2 [25] ransfoum - RPNN 10% 19.8 kHz 0.17s 25 dB SNR High
3 [26] M iines 40% 6.4 kHz 0.18's 20 dB SNR Moderate
image data
4 [27] DNN 46.67% 3.84 kHz 25 30 dB SNR No;;?;’;s'tl'
5 Proposed ST + HT + ALC 50% and 100% 3.84 kHz t<2ms 20 dB SNR Moderate

HIDM
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9. Conclusions

A multi-variable hybrid islanding-detection method supported by a hybrid combi-
nation of the ST, HT, and ALC to process the current signals to design the HIDI has been
presented. The proposed HIDM is efficient in detecting islanding conditions in the presence
of generation from the WGP, SGP, and both from the WGP and SGP with a minimal NDZ.
This was achieved for RE penetration levels of 50% and 100% in the test network. The
HIDM is efficient for detecting islanding conditions in the scenario of a high noise level of
20dB SNR. The HIDM is also effective at detecting fault conditions like LG, LL, LLG, LLL,
and LLLG. The HIDM effectively discriminates between islanding conditions and fault
ones. The HIDM effectively discriminates between islanding conditions and operational
ones. The HIDM is also effective at identifying the islanding condition on a real-time distri-
bution feeder of a practical utility grid. The performance of the HIDM is better compared
to islanding-detection methods using DWT, an IDM using WT-MRA-based image data, an
IDM using DNN, and an IDM using a combination of the slantlet transform and RPNN in
terms of the RE penetration level for which the IDM detects events effectively, the sampling
frequency, the computational time, the noise level for which the performance of the IDM is
not affected, and also the NDZ. The study was completed on an IEEE-13 bus test feeder
using the MATLAB software.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating current

AIDF Alienation islanding-detection factor
ALC Alienation Coefficient

CIDF Co-variance islanding-detection factor
CPU Central processing unit

DC Direct current

DEF-T Distribution feeder transformer
DFIG Doubly fed induction generator

DG Distributed generator

DNN Deep Neural Network

DR Disturbance recorder

DWT Discrete wavelet transform

GSS Grid sub-station

HIDF Hilbert islanding-detection factor
HIDI Hybrid islanding-detection indicator

HIDIFT  Hybrid islanding-detection indicator fault threshold
HIDIT Hybrid islanding-detection indicator threshold
HIDM Hybrid islanding-detection method

HT Hilbert transform

IDM Islanding-detection method

IEEE Institute of Electrical and Electronics Engineering
IFS Island formation switch

IWF Islanding weight factor
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LG Phase to ground fault

LL Phase to phase fault

LLG Two phases to ground fault

LLL Three-phase fault

LLLG Three phases to ground fault
MATLAB  Matrix laboratory

NDZ Non-detection zone

PMU Phasor measurement unit

PCC Point of common coupling

PQ Power quality

PV Photovoltaic

RE Renewable energy

RPNN Ridgelet probabilistic neural network
SGP Solar generation plant

SGP-GT Solar generation plant generator transformer
SIDF Stockwell islanding-detection factor
SNR Signal-to-noise ratio

ST Stockwell transform

UG-T Utility grid transformer

WGP Wind generation plant

WGP-GT  Wind generation plant generator transformer
WT-MRA  Wavelet transform multi-resolution
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