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Abstract—This article presents a new passive islanding detection
technique in MGs that uses locally measured voltage signals at the
PoC of DERs. The proposed method distinguishes islanding events
from normal/non-islanding conditions by utilizing superimposed
harmonic spectra extracted through a full-cycle discrete Fourier
transform. Our solution utilizes a machine-learning-based one-
class classifier to define and adjust thresholds for full harmonic
spectra. Unlike other methods, our approach does not require
data synchronization or communication infrastructure, nor does
it suffer from common errors that often arise in current trans-
formers. Moreover, our design is compatible with distributed and
decentralized control strategies, as it relies solely on local voltage
measurements at the PoC. Another advantage of this method is
its low sampling frequency requirement, in the range of 1 kHz,
making it cost-effective and implementable in most existing sys-
tems. In a comprehensive evaluation of a typical MG test system
that included synchronous and inverter-based DERs, the proposed
scheme demonstrated exceptional performance. Specifically, the
scheme was able to detect 99.06% of different islanding events
within the training range, with a detection time of just 10 to 21
ms. Additionally, the scheme remained 100% stable during vari-
ous normal conditions, short-circuit faults, load changes, voltage
changes, capacitor switching, and frequency changes.

Index Terms—Discrete Fourier transforms (DFTs), harmonic
analysis, islanding, machine learning, microgrids (MGs), pattern
classification.

NOMENCLATURE

δ Squared distance.
δthr Threshold value.
C∗

j Centroid of the jth optimal cluster.
k Number of clusters.
Ti ith target training pattern.
M Number of training patterns.
fb System’s fundamental frequency.

Manuscript received 4 November 2022; revised 24 February 2023; accepted
18 May 2023. This work was supported in part by the University of Vaasa
under the CIRP-5G research project with financial support provided by Business
Finland under Grant 6937/31/2021, in part by SolarX research project under
Grant 6844/31/2018, and in part by the research project is highly acknowledged.
(Corresponding author: Mazaher Karimi.)

Mazaher Karimi and Kimmo Kauhaniemi are with the School of Technology
and Innovations, University of Vaasa, FI-65200 Vaasa, Finland (e-mail: maza-
her.karimi@uwasa.fi; kimmo.kauhaniemi@uwasa.fi).

Mohammad Farshad is with the Department of Electrical Engineering, Faculty
of Basic Sciences and Engineering, Gonbad Kavous University, Gonbad Kavous
49717-99151, Iran (e-mail: farshad@gonbad.ac.ir).

Rasoul Azizipanah-Abarghooee is with the Rina Tech U.K. Ltd., M1 3LD
Manchester, U.K. (e-mail: razizipanah@mail.com).

Digital Object Identifier 10.1109/JSYST.2023.3279389

fs System’s sampling frequency.
FNV Number of times the classifier has failed to detect island-

ing events.
FPV Number of times the classifier has mal-operated under

normal/non-islanding indicates conditions.
NV Total number of validation signals.
VL Validation loss in percent.
Pgrid Active power injected from the utility grid.
Qgrid Reactive power injected from the utility grid.

ABBREVIATIONS

DER Distributed energy resource.
DFT Discrete Fourier transform.
DSO Distribution system operators.
k-MDD k-means data description.
MG Microgrid.
NDZ Non-detection zone.
PCC Point of common coupling.
PoC Point of connection of DER.
PV Photovoltaic.
THD Total harmonic distortion.

I. INTRODUCTION

THE integration of DERs into active distribution networks,
such as MGs, offers many benefits, including improved

reliability and power quality. However, it also presents several
challenges, one of which is inadvertent islanding. Islanding
occurs when DERs, such as wind turbines and PV units, supply
power to a portion of the MG that becomes electrically discon-
nected from the upstream grid [1]. It is critical to detect islanding
within a specific time to prevent power quality degradation and
ensure the safety of DERs, utility personnel, repair crews, and
customers [2], [3]. According to IEEE 1547-2018 standard, there
are two types of islands: unintentional and intentional. An in-
tentional island is a planned event, while an unintentional island
is unplanned. Regardless of the type, IEEE standard 1547 and
UL 1741 require islanding detection within 2 s of an islanding
event [4], [5], [6]. Thus, a fast and secure islanding detection
method is an essential requirement for MGs, as distribution
system operators must manage DER controllers in both islanding
and non-islanding conditions.

Islanding detection techniques can be divided into remote and
local schemes. Remote methods are based on the communication
infrastructure and involve monitoring the status of the circuit
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breaker at the PCC [7]. While the most significant advantage of
remote methods is their ability to eliminate NDZs, they are not
suitable for small-scale DER installations due to the high costs of
communication infrastructure. On the other hand, a local method
is also required as a backup in case of loss of data packets.
Local methods can be categorized as passive, active, and hybrid
approaches [8], [9], [10], [11], [12], [13].

1) Passive methods are easy to deploy and accurate enough
during large load-generation mismatches. However, they
malfunction when the PCC’s mismatch is less than the
NDZ. This would give wrong discrimination between
islanding and non-islanding events [8], [10], [11], [12].

2) Active methods are introduced to enhance the NDZ by in-
jecting small disturbances into the system parameters like
voltage, current, impedance, etc., in terms of amplitude
and phase angle. However, this may cause power quality
issues and increase detection time [4], [13], [14], [15],
[16].

3) Hybrid methods are also introduced to overcome the draw-
backs of the passive and active methods [17], [18], [19].
The active method’s disturbance is simulated, while the
suspicious islanding portion of the MG is detected by the
passive method. The complexity and threshold adjustment
are the main challenges in this context.

In order to address the above-noticed limitations, different
signal-processing techniques have been suggested to extract the
system signature features [9], [14], [17], [20]. For example, the
wavelet transform can analyze different scenarios by breaking
down the time-domain signal into several frequency levels [21].
However, it would cause adverse outcomes for noise-contained
signals. Recent studies have acknowledged the usefulness of
harmonic information contained in voltage signals for islanding
detection [22], [23], [24]. However, analyzing the class of dis-
turbance only with the extracted features requires threshold set-
tings, which is problematic. Hence, to avoid the difficulty of de-
termining multidimensional threshold values, each of these stud-
ies [22], [23], [24] has considered only a certain parameter of har-
monic information contained in voltage signals and ignored the
rest. It should be noted that the signal processing approach can
be combined with an intelligent tool like the artificial neural net-
work [25], support vector machine [26], and deep neural network
[27] to overcome such difficulty since they can easily deal with
multidimensional input feature vectors. However, the simplicity
of the calculations should be taken into account to facilitate the
real-time implementation of the islanding detection scheme.

An innovative passive islanding detection technique is de-
signed in this article to overcome the shortcomings of the previ-
ously mentioned methods, using signal processing and machine-
learning approaches. The superimposed harmonic spectra are
considered the decision-making input features. In order to ex-
tract these features, the full-cycle DFT is performed on the
voltage signals locally sampled at the PoC of DERs at a low rate
of 1 kHz, which is compatible with the measuring rates specified
by the IEC 61850 Sampled Value standard. A machine-learning-
based one-class classifier is utilized to decide based on the input
features. The employed classifier’s computational efficiency and

the measured signals’ low sampling frequency facilitate real-
time implementation. Using the full harmonic spectra in this pro-
posed method improves its comprehensiveness and retains the
information required for islanding detection. Another advantage
of the proposed method, which sets it apart from the existing lit-
erature, is that using the superimposed components significantly
reduces the effect of permanent harmonic sources in distribution
networks. Furthermore, using only local voltage measurements
at the PoC ensures the proposed method is immune to current
transformer errors and communication channel failures. There-
fore, the proposed method can be implemented compatibly with
distributed and decentralized control strategies and at a low cost
in most existing systems.

The rest of the article is organized as follows: Section II
explains the harmonic signature based on the DFT. Section III
presents the proposed islanding detection technique using a
machine-learning-based one-class classifier. Section IV evalu-
ates the proposed islanding detection technique’s accuracy and
robustness in a typical MG, including synchronous and inverter-
based generations. Finally, Section V discusses the findings and
conclusions of the article.

II. HARMONIC SIGNATURE

The literature [22], [23], [24] suggests that the harmonic
content of the voltage signal can be used to detect islanding
events. Nevertheless, previous studies have focused on using a
specific harmonic order (e.g., fifth voltage harmonic magnitude
in [22]) or a collective parameter (e.g., the selected harmonic
distortion in [23] and the THD in [24]) compared to threshold
values.

In this article, the full harmonic spectrum of each phase volt-
age is considered in terms of the selected sampling frequency to
increase comprehensiveness and retain helpful information. The
harmonic spectrum can be extracted by applying the full-cycle
DFT to the sampled voltage signal. The presence of devices
with different harmonic characteristics in distribution networks
poses one of the challenges that may affect the performance of
the harmonic signature-based islanding detection methods [22].
In order to tackle this issue, the superimposed voltage harmonic
spectrum is calculated as shown in Fig. 1. It is clear-cut that at
each moment, a data-window is taken, including the last two
cycles (i.e., for 50 Hz, 40 ms) of each phase voltage signal, and
the first cycle’s harmonic spectrum is subtracted from the second
one. Based on this procedure, the superimposed components will
be near zero if the harmonic content remains almost unchanged.
This procedure helps to reduce the effect of permanent harmonic
sources in steady-state conditions.

Fig. 2 presents a simple system model that complies with the
IEEE 1547 test frame [5]. It includes synchronous and PV-based
DERs. The three phases’ voltage signals are measured at the PoC
of PV with a sampling frequency of 1 kHz. The following events
are simulated in which Pgrid and Qgrid stand for the active and
reactive powers injected by the utility grid, respectively.

1) Event 1—Islanding when Pgrid = 0.585 MW and Qgrid =
−0.423 Mvar.
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Fig. 1. Calculation of the superimposed voltage harmonic spectrum.

Fig. 2. Simple system modeled compliantly with the IEEE 1547 test frame.

2) Event 2—Islanding when Pgrid = 0.811 MW and Qgrid =
−0.439 Mvar.

3) Event 3—Solid phase a-to-ground short-circuit fault when
Pgrid = 0.585 MW and Qgrid = −0.423 Mvar.

4) Event 4—Sudden connection of an inductive load with
0.45 MW active power and 0.45 Mvar reactive power when
Pgrid = 0.585 MW and Qgrid = −0.423 Mvar.

5) Event 5—A temporary increase in the grid’s voltage by
6% when Pgrid = 0.585 MW and Qgrid = −0.423 Mvar.

For each event, the superimposed voltage harmonic spectrum
is calculated for phase a, considering a data-window comprising
of one cycle before and one cycle after the event occurrence
instant.

Fig. 3 shows the superimposed spectra at the time of the
first and second islanding events (i.e., events 1 and 2). In ad-
dition, Fig. 4 provides the same information for the remaining
non-islanding events (i.e., events 3 to 5). As can be seen, the
superimposed harmonic spectra of Fig. 3(a) and (b) obtained
for the islanding events are significantly identical, while they
are dissimilar to those presented in Fig. 4 for the non-islanding
events.

In short, according to the above analysis results, the super-
imposed voltage harmonic spectra can help islanding detection
if they are appropriately utilized within an efficient scheme. It

Fig. 3. Superimposed voltage harmonic spectra of phase a for the islanding
events. (a) Event 1. (b) Event 2.

Fig. 4. Superimposed voltage harmonic spectra of phase a for the nonislanding
events. (a) Event 3. (b) Event 4. (c) event 5.

should be emphasized that when a change occurs in the system,
different behaviors may be observed due to the nonlinear nature
of some devices in the distribution network. Hence, to overcome
the challenge of islanding detection, a machine-learning-based
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approach seems helpful to deal with the power system’s complex
situations.

III. PROPOSED ISLANDING DETECTION SCHEME

Based on the discussions and analysis results of Section II, the
proposed method uses the superimposed harmonic spectra of the
three phases’ voltage signals as input features for islanding de-
tection. However, using full spectra and multiple input features
makes it challenging to define and adjust thresholds as deployed
in [22], [23], and [24] and express relationships analytically. On
the other hand, complicated behaviors may be observed due to
the nonlinear nature of network devices. Hence, to overcome
these challenges, a machine-learning-based one-class classifier
is employed for exploiting helpful information and decision-
making based on the superimposed voltage harmonic spectra
of the three phases. This classifier is first prepared through
an offline process. Then, it is executed in real-time to detect
islanding events. This method uses voltage signals sampled at a
low rate according to the IEC 61850 Sampled Value standard to
facilitate real-time implementation.

A. Offline Preparation

In the one-class classification problem, there is only one
target class. Therefore, the one-class classifier should accurately
describe the target training set and recognize that each new
input pattern belongs to the target class or is an outlier [28].
In this article, the islanding condition is the target class, and
other normal/non-islanding (e.g., faults, load change, and grid
frequency and voltage fluctuations) conditions are considered
outliers. The following main steps should be performed to
prepare the one-class classifier:

Step 1: The target training set (i.e., T1, T2, T3 … TM) is
generated by simulating M different islanding conditions in
the system. For generating the ith target training pattern, Ti,
data-windows, including the cycles before and after the ith
islanding event occurrence time, are selected from the three-
phase voltage signals measured at the PoC. The superimposed
harmonic spectra are then extracted for each phase by apply-
ing the DFT, as shown in Fig. 1. Let us suppose that fb and fs
are the system’s fundamental and sampling frequencies, re-
spectively. In that case, Ti is a vector that includes 3( fs

2fb
+ 1)

features (i.e., superimposed voltage harmonic magnitudes),
considering the discrete harmonic frequencies from 0 Hz to
fs/2 for each phase. fs is set as a multiple of 2fb.

Step 2: There are several one-class classifiers. The k-MDD
classifier is deployed in this article for real-time islanding
detection due to its simplicity and relatively low computa-
tional burden [28], [29]. In order to prepare this classifier, the
target training set is optimally partitioned into k clusters (i.e.,
subsets) based on the iterative k-means clustering algorithm
[30], [31]. The centroids of the resulting k optimal clusters
(i.e., C∗

1, C∗
2, C∗

3 … C∗
k) are stored as the prototype vectors.

Step 3: A threshold value is calculated as follows:

δthr = max
i

min
j

∥
∥Ti − C∗

j

∥
∥
2

(1)

where ||.|| denotes the Euclidean distance, C∗
j indicates the

centroid (i.e., prototype vector) of the jth optimal cluster, and
δthr is the threshold. As can be comprehended from (1), the
threshold is equal to the maximum squared distance between
the target training patterns and their nearest cluster centroids.

B. Real-Time Execution

When a new pattern, X, is presented to the prepared k-MDD
classifier, its squared Euclidean distance to the nearest stored
centroid (i.e., prototype vector) is calculated as follows:

δ = min
j

∥
∥X − C∗

j

∥
∥
2
. (2)

This squared distance, δ, should be compared with the thresh-
old value δthr in order to make the decision

X ∈ Target class if δ ≤ δthr

X /∈ Target class if δ > δthr
. (3)

It is common in power system protection algorithms to apply
half-cycle or full-cycle DFT on measured current and voltage
signals, depending on the protection requirements like speed and
accuracy [32]. The harmonic spectrum in our article is extracted
by applying the full-cycle DFT to the sampled voltage signal,
which has been well presented in [33]. In the real-time appli-
cation, at each time t, the superimposed spectra are extracted
by applying the DFT, as shown in Fig. 1, considering two-cycle
data-windows of the three-phase voltage signals measured at
the PoC. The input pattern (i.e., feature vector) is then formed
based on the superimposed voltage harmonic magnitudes of the
three phases from 0 Hz to fs/2. For example, with a sampling
rate of 1000 samples per second or fs = 1 kHz, the extractable
harmonics include 0–500 Hz. This input pattern is presented to
the prepared k-MDD classifier for the sake of decision-making
based on (2) and (3). After detecting an islanding condition, the
islanding detection logic signal changes from 0 to 1 and settles
till being reset. Fig. 5 illustrates how the proposed scheme works
in a real-time manner.

C. Adjusting the Number of Clusters

According to Section III-A, the only parameter that needs to
be adjusted in the proposed scheme is the number of clusters, k.
It is relatively simple to set this as an integer ranging from 1 to
M. This parameter can be set by trial and error, too. However, a
systematic validation process might lead to a more dependable
setting.

For adjusting k through the validation process, a limited
number of validation signals should be generated. This can
be attained by simulating the system under different islanding
and non-islanding conditions. For each possible value of k,
the second and third steps described in Section III-A must
be performed. The validation signals are then inputted into
the prepared k-MDD classifier. After which, the percentage of
validation loss for that value of k is calculated as follows:

V L =
FNV + FPV

NV
× 100 (4)
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Fig. 5. Proposed islanding detection scheme in the real-time application.

where FNV is the number of times the classifier has failed to
detect islanding events, FPV indicates the number of times the
classifier has mal-operated under normal/non-islanding condi-
tions, NV is the total number of validation signals, and VL stands
for the validation loss in percent. The value of k corresponding
to the minimum validation loss is selected as the desired setting.

IV. RESULTS AND DISCUSSIONS

The proposed scheme is programmed in MATLAB and ex-
amined in a typical test MG simulated in PSCAD/EMTDC.

A. Test System

The proposed islanding detection method is tested on a full-
scale model of a segment of the Malaysian 11 kV distribution
system [34]. The system comprises 32 buses, 27 lumped loads,
a mini-hydro generator, and a PV generator, as illustrated in
Fig. 6. The PV and mini-hydro generators operate at 3.3 kV. The
mini-hydro generator has an inertia constant of 2.5 s. The PV
and mini-hydro generators are linked to the distribution network
through 2 MVA transformer units that step up the voltage level

Fig. 6. Test MG.

Fig. 7. Active and reactive powers injected from the grid before islanding
events simulated for generating training patterns and validation signals.

to 11 kV. The distribution network is connected to the grid via a
132 kV/11 kV transformer. The required voltage measurements
for the proposed method are obtained at the PoC of PV (i.e.,
bus 32), with a sampling frequency of 1 kHz. The fundamental
frequency of the system is 50 Hz.

B. Preparing a k-MDD Classifier

Following the first step described in Section III-A, the target
training set is generated by simulating 100 islanding events
in the test system under different pre-event conditions. Fig. 7
gives the active and reactive powers injected from the utility
grid (i.e., Pgrid and Qgrid) for these conditions. Considering the
fundamental and sampling frequencies, the dimension of input
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Fig. 8. Validation losses in terms of k.

Fig. 9. Active and reactive powers injected from the grid before 320 islanding
events simulated for tests.

feature vectors is 33 (as mentioned in Section III-A).For adjust-
ing k, some validation signals are also generated by simulating
nine islanding events and 68 non-islanding events using the test
system with different conditions. The pre-event conditions for
these islanding events are also indicated in Fig. 7. The conditions
considered for the non-islanding ones are as follows.

1) Phase a-to-ground and three-phase-to-ground faults with
fault resistances of 178 and 194 Ω at F1-F10 (as indicated
in Fig. 6) lasted for 0.28 s (i.e., 2 × 2 × 10 = 40 fault
events)

2) Sudden connection of inductive loads with 0.44 and 0.395
MW active powers and 0.425 and 0.389 Mvar reactive
powers at L1-L5 (as indicated in Fig. 6) (i.e., 2 × 2 × 5
= 20 load change events)

3) Temporary changes in the grid’s voltage by 17%, 15.5%,
−17%, and −19% lasted for 0.35 and 0.38 s (i.e., 4 × 2
= 8 voltage change events)

For each integer value of k ranging from 1 to 100, a k-
MDD classifier is prepared based on the second and third steps
described in Section III-A and evaluated using the validation
signals. Fig. 8 shows the obtained validation losses in terms
of k. This figure indicates that k = 28 is the best adjustment
since it results in a zero validation loss. Therefore, the k-MDD
classifier with this optimal setting is considered for the test stage.
This classifier’s threshold value calculated based on (1) equals
621.0499 V2.

C. Islanding Detection Tests

A total of 320 islanding events are simulated in the test system
with pre-event Pgrid and Qgrid given in Fig. 9.

The evaluation results confirm that the proposed scheme
detects 317 out of 320 islanding events with a time delay in
the range of 10–21 ms. In other words, the proposed method has
a detection accuracy of about 99.06%, while it is fast enough

Fig. 10. Islanding event at 12.06 s when Pgrid = 0.609 MW and Qgrid =
−0.227 Mvar. (a) Measured voltage. (b) Squared distance and detection logic.

Fig. 11. Islanding event at 12.06 s when Pgrid = 0.013 MW and Qgrid =
0.021 Mvar. (a) Measured voltage. (b) Squared distance and detection logic.

to meet the standard requirements desirably. The undetected
islanding events are also indicated in Fig. 9. By comparing
Figs. 7 and 9, it can be understood that the conditions of these
three undetected events are almost outside the range covered in
the training stage. It implies that the coverage of possible ranges
is essential when generating the target training set.

It should be noted that the proposed scheme has not malfunc-
tioned during any of the normal conditions before the islanding
events. In order to provide a better sense of the scheme’s real-
time performance, the voltage measured at the PoC of PV, the
real-time variations of the squared Euclidean distance, and the
islanding detection logic signal are presented in Figs. 10 and 11
for two different islanding events at 12.06 s. As can be observed
from these figures, the islanding events at 12.06 s are not visually
recognizable in the voltage signals measured at the PoC of PV,
especially in Fig. 11(a), with a low level of power mismatch with
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TABLE I
ISLANDING DETECTION TEST RESULTS FOR DIFFERENT SNRS

the utility grid. However, the proposed scheme has detected them
based on the voltage’s harmonic signature.

D. Effect of Measurement Noise

Different levels of white Gaussian noise are added to the
three-phase voltage signals measured in 320 test cases of Sec-
tion IV-C, while the prepared k-MDD classifier remains as before
(i.e., trained based on the noiseless condition). The islanding
detection test results for various signal-to-noise ratios (SNRs)
are given in Table I for comparison. As seen from this table, the
proposed islanding detection scheme can tolerate noisy signals
even with an SNR of 55 dB, sacrificing 2.5% in its detection
accuracy compared to the noiseless condition (infinite SNR).
However, a noisy condition with an SNR of 50 dB significantly
reduces the method’s accuracy. It may be possible to improve
the proposed scheme’s performance in such a case via a filtering
or preprocessing stage. It is worth noting that in the noisy con-
ditions of Table I, the scheme has not malfunctioned during any
of the normal conditions before the islanding events. Moreover,
the minimum and maximum detection delays have remained
unchanged, except for the SNR of 50 dB, due to the relatively
higher level and unpredictable effect of random noise.

E. Stability During Short-Circuit Faults

Phase a-to-ground, phase c-to-ground, and three-phase-to-
ground faults are applied at F1-F10 (as indicated in Fig. 6) with
fault resistances of 0, 50, 100, and 200 Ω and lasted for 0.2 and
0.4 s, resulting in a total of 240 fault events. The test results
show that the prepared k-MDD classifier remains stable before,
during, and after all these fault events.

As an example of this correct performance, Fig. 12 shows the
voltage measured at the PoC of PV, the real-time variations of
the squared Euclidean distance, and the islanding detection logic
signal for a solid three-phase-to-ground fault at 12.1 s at F6 that
lasted for 0.4 s. It is evident from the figure that the proposed
scheme did not malfunction, as δ has never been equal to or
lower than δthr.

F. Stability Against Load Changes

Inductive loads with 0.045, 0.09, 0.135, 0.18, 0.225, 0.27,
0.315, 0.36, 0.405, and 0.45 MW active powers and 0.045,
0.09, 0.135, 0.18, 0.225, 0.27, 0.315, 0.36, 0.405, and 0.45
Mvar reactive powers are suddenly connected at L1-L5 (see
Fig. 6) (i.e., 10 × 10 × 5 = 500 load change events). The test
results confirm that none of these load change events cause any

Fig. 12. Solid three-phase-to-ground fault at 12.1 s at F6 lasted for 0.4 s. (a)
Measured voltage. (b) Squared distance, and detection logic.

Fig. 13. Connection of a load (0.45 MW and 0.45 Mvar) at 12.06 s at L5. (a)
Measured voltage. (b) Squared distance and detection logic.

malfunction to the prepared classifier. For instance, the test result
is presented in Fig. 13 for the sudden connection of an inductive
load with 0.45 MW active power and 0.45 Mvar reactive power
at 12.06 s at L5. Whereas the load connection’s effect is not
visually recognizable in the voltage measured at the PoC of PV,
this event temporarily changes the voltage’s harmonic content.
The proposed method has remained stable against it since δ has
remained above δthr.

For further investigation, inductive single-phase loads with
0.395 and 0.44 MW active powers and 0.389 and 0.425 Mvar
reactive powers are suddenly connected at L1, L3, and L5 (i.e.,
2 × 2 × 3 = 12 single-phase load change events). The test
results verify that the proposed scheme can also remain stable
in the case of these single-phase load change events.
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Fig. 14. Increase in the grid’s voltage by 18% at 12.1 s lasted for 0.4 s. (a)
Measured voltage. (b) Squared distance, and detection logic.

G. Stability During Grid’s Voltage Changes

The grid’s voltage magnitude is temporarily changed by 18%,
14%, 11%, 7%,−7%,−11%,−14%, and−18% lasting for 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4 s (i.e., 8 × 8 = 64 voltage
change events). The evaluation results confirm that the prepared
k-MDD classifier remains stable before, during, and after all
these temporary voltages’ fluctuation events. As an example of
the classifier’s correct performance, the test result is presented
in Fig. 14 for an increase in the grid’s voltage magnitude by 18%
at 12.1 s lasted for 0.4 s. It is clear that δ has always been greater
than δthr, and the scheme has not malfunctioned.

H. Stability Against Capacitor Switching

Capacitor banks with 0.045, 0.09, 0.135, 0.18, 0.225, 0.27,
0.315, 0.36, 0.405, and 0.45 Mvar reactive powers are switched
at L1-L5 (see Fig. 6) (i.e., 10 × 5 = 50 capacitor switching
events). The assessment results show that none of these events
cause the prepared k-MDD classifier to mal-operate. For in-
stance, the test result is presented in Fig. 15 for switching a
capacitor bank with 0.45 Mvar reactive power at 12.06 s at L2.
As is apparent from this figure, the scheme has not mal-operated
during the temporary transients after the capacitor switching
event since δ has remained above δthr.

I. Stability During Grid’s Frequency Changes

The grid’s frequency is temporarily changed by 2, 1.5, 1, 0.5,
−0.5,−1,−1.5, and−2 Hz, lasting for 0.05, 0.1, 0.15, 0.2, 0.25,
0.3, 0.35, and 0.4 s (i.e., 8 × 8 = 64 frequency change events).
The test results confirm that the proposed scheme remains stable
before, during, and after all these frequency change events. As
an example of the scheme’s stability, the test result is presented
in Fig. 16 for an increase in the grid’s frequency by 2 Hz at
12.06 s lasted for 0.4 s. While it is difficult to visually recognize
this frequency change in the voltage measured at the PoC of PV,
its effect on the extracted harmonic spectra is observable in the

Fig. 15. Switching a capacitor bank with 0.45 Mvar reactive power at 12.06 s
at L2. (a) Measured voltage. (b) Squared distance, and detection logic.

Fig. 16. An increase in the grid’s frequency by 2 Hz at 12.06 s lasted for
0.4 s. (a) Measured voltage. (b) Squared distance, and detection logic.

real-time variations of δ. As comprehendible from this figure, δ
has always remained above δthr, preventing misidentification.

J. Impact of Nonlinear/Harmonic Loads

A portion of the load in the test MG shown in Fig. 6 is replaced
with an inductive-resistive 0.1 MW harmonic load with a power
factor of 0.85. This new harmonic load generates third, fifth, and
seventh harmonic currents. It is worth mentioning that according
to the IEEE Std. 519-2014, the maximum THD, which can be
applied at the PCC or PoC for the voltage level of more than 1
kV until 69 kV should not exceed 5%. It has been mentioned that
system owners or operators should limit line-to-neutral voltage
harmonic at the PCC or PoC.

Therefore, the new harmonic load generates third, fifth, and
seventh harmonic currents with magnitudes of 50%, 25%, and
15% of the fundamental current magnitude, respectively. This
substantial harmonic load, which has not been considered in the
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Fig. 17. Active and reactive powers injected from the grid before 80 islanding
events simulated in the presence of the unseen harmonic load.

TABLE II
COMPARISON TO OTHER ISLANDING DETECTION METHODS

training stage, is connected to bus 11, very close to the measuring
point (i.e., the PoC of PV) to study the impact of the harmonic
sources. For evaluating the detection accuracy in the presence
of the unseen harmonic load, 80 islanding events are simulated
with pre-event Pgrid and Qgrid given in Fig. 17.

The test results reveal that the proposed scheme detects 65
out of these islanding events (i.e., the detection accuracy of
81.25%) with a time delay in the range of 63–960 ms. Although
the new harmonic load has somewhat degraded the scheme’s
detection accuracy and speed, the results are promising since this
substantial harmonic load has not been included in the training
patterns’ generation conditions.

K. Comparison

Table II compares the distinctive aspect of the proposed
islanding detection technique with similar methods, which use
harmonic contents or a combination of signal processing and
machine-learning approaches. The points selected for compari-
son in this table are the methodology, detection time, measured
signals, and accuracy. According to Table II, the proposed
scheme has the lowest detection time. Furthermore, unlike the
techniques introduced in [24], [25], and [26], the proposed
islanding detection method only relies on the voltage measure-
ment at the PoC of DERs. In other words, it does not require other
parameters such as current, frequency, active power, and reactive
power or their derivatives. As a result, the proposed method is im-
mune to corresponding errors and issues like current transformer
saturation or high sensitivity to noise. Although the strategies
presented in [22] and [23] also need only the voltage mea-
surement, Table II gives that the proposed method’s NDZ and
accuracy have been significantly improved compared to them.

V. CONCLUSION

This article proposed an intelligent islanding detection
scheme that relies on voltage harmonic signatures and a
k-MDD classifier. In order to test the performance of the
proposed strategy, the simulations under several scenarios
were conducted in a typical test MG with synchronous and
inverter-based DERs. According to the test results, the proposed
method demonstrated satisfactory accuracy and detection time
for different islanding events. Furthermore, our proposed
method remained stable in various situations, including normal
operations, short-circuit faults, load changes, voltage changes,
capacitor switching, and frequency changes. In addition to its
desirable accuracy, detection time, and stability, the proposed
method is inherently immune to current transformer errors,
communication channel failures, and data synchronization
errors and compatible with distributed and decentralized
control strategies as it relies only on measuring the three-phase
voltage signals at the PoC of DERs. Moreover, the proposed
method works fine with low sampling frequency, making it
compatible with most existing infrastructures.

Under perfectly matched loading conditions, the voltage sig-
nals measured at the PoC of DERs may remain unchanged during
an islanding event, showing no distinct or noticeable variations.
In other words, in these exceptional cases, the method may not
identify an islanding event based on passive voltage measure-
ments alone. This problem can be focused on in future studies.
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