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ABSTRACT Nowadays, the penetration of distributed generations (DGs) and microgrids (MGs) has been
significantly increased due to the technical, social, environmental, and financial reasons. One of the most
common types of DGs which is widely used in different networks is small-scale synchronous generators
(SSSGs). Synchronous-based microgrids (SGBMGs) and SSSGs can operate under both grid-connected and
islanded conditions. To guarantee a stable, uninterruptible, and safe autonomous operation, the unintentional
islanding events should be quickly detected and then, appropriate control and precaution actions should be
performed. Various islanding detection techniques have been proposed in the two past decades including
remote and local methods. Meanwhile, local methods can be divided into two major groups, i.e. passive
and active methods. To select the most suitable islanding detection scheme (IDS), various factors including
the DG type and its technology should be considered. Therefore, the IDS for SGBMGs may be completely
different from that for inverter-based microgrids. In this paper, the suitable IDS which can be practically
applied to the SGBMGs are comprehensively investigated. To do so, at first, various suitable indices are
introduced which can be properly employed by the system engineers and researchers to compare various
IDS and select the most appropriate one. Then, various types of existing IDS are carefully investigated using
these indices. Based on these investigations, it is concluded that local passive methods are more appropriate
for SGBMGs due to their technical and economic benefits. Moreover, to enhance the existing IDS, some
ideas are provided in this paper which can be considered in the future research works.

INDEX TERMS Small-scale synchronous generator (SSSG), synchronous generator-based microgrid
(SGBMG), islanding, islanding detection.

I. INTRODUCTION
Recently, the penetration ofmicrogrids (MGs) containing dis-
tributed generations (DGs) and local loads has been increased
due to various motives including improvement of power
supply reliability and resiliency, reduction of power outage
period, preventing momentary interruption of essential loads,
reduction of environmental concerns including greenhouse
gases, providing a cost-effective power supply formining dig-
ital currencies and some other economic incentives [1]–[3].
Various DGs technologies based on renewable or non-
renewable energies can be employed for integrating the
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MGs [4], [5]. The suitable technology of the DG is
generally determined based on different factors including
economic feasibility studies, required reliability, and tech-
nical requirements of grid code including fault-ride-through
capability [5], [6].

One of the most common types of DGs which is widely
used along with both renewable and non-renewable ener-
gies is small-scale synchronous generators (SSSGs) which
can provide smooth and high-reliable power required for
the essential loads under both grid-connected and island-
ing conditions. During the grid-connected operation, the
excessive power of synchronous-generator based microgrid
(SGBMG) can be sold to the energies markets [7]. However,
grid-connected SGBMG may have some adverse impacts on
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the distribution system especially its operation and protec-
tion [1], [2]. Therefore, various precaution actions should
be performed to eliminate these unfavorable effects. After
disconnection of the SGBMG from the upstream distribu-
tion grid, the islanded controlling system should be acti-
vated automatically to preserve the SSSGs stability [8].
Therefore, the islanding condition of SGBMG should be
quickly detected to avoid power interruption of local essen-
tial loads and prevent adverse effects on the upstream grid.
Islanding or loss of main can be defined as a condition in
which the MGs or DGs are disconnected from the main
grid [9]. This isolation may take place in one phase or
multiple phases due to various events including planned
or unplanned trips of upstream circuit breakers, fuse fail-
ures, broken conductors, and short circuit faults. These
events may occur at the upstream distribution system or the
MG. Islanding events may occur intentionally (scheduled)
or unintentionally (unscheduled) [10]. The unintentional
islanding situations should be detected quickly to perform
proper actions for retaining the secure operation of the
system.

Various islanding detection schemes (IDSs) have been pro-
posed by researchers and commercial industrial
companies in the past two decades. To select the most
suitable IDS, the power system engineers should consider
various factors including the DG type and its technology
(i.e. synchronous generator-based or inverter-based MGs),
grid codes, required standards specifications, and con-
trol/protection system requirements. To satisfy these require-
ments many methods have been proposed which can be
divided into local and remote methods [11]. To adopt the
most appropriate IDS for a specific SGBMG, some major
factors should be considered by the system engineers includ-
ing simplicity, straightforward and low-cost implementation,
security, and dependability.

The dynamic behavior of SGBMGs and other types of
microgrids especially inverter-based microgrids (IBMGs)
are different after islanding occurrence. The frequency of
SGBMG changes after islanding events even for small
amounts of power mismatch due to the mechanical inertia of
SSSGs. Consequently, the SGBMG frequency would reach to
the frequency relays thresholds. In fact, the SSSG frequency
exits the permissible range after a while and SSSG becomes
unstable without inserting any intentional disturbance.
In such a condition, the rate of change of frequency depends
on the SSSG inertia. However, for the inverter-based micro-
grids (IBMGs), the frequency may not change significantly
after a long duration, and to detect islanding condition an
intentional disturbance may be required [12], [13]. This per-
turbation is mainly employed to create an intentional power
mismatch which leads to voltage and frequency drifts from
their nominal values. Based on these explanations, active
methods are commonly adopted by IBMGs while these meth-
ods are not recommended for SGBMGs [14]. Therefore, the
appropriate IDS should be employed depending on the type of
microgrid.

In this paper, various methods for islanding detection of
SGBMGs have been outlined. To do so, the proper indices
for evaluating the performance of IDSs are presented at first.
These indices help power system engineers to select the most
suitable IDS for a specific SGBMG. Then, various types of
IDSs applicable to SGBMGs are carefully investigated and
compared using the discussed indices.

II. APPROPRIATE PERFORMANCE EVALUATION INDICES
FOR SGBMGs
To evaluate and quantify the effectiveness of islanding detec-
tion methods, suitable indices and techniques should be uti-
lized. To do so, various methods and criteria are recently
proposed by different articles and standards. For instance, the
technical requirements for the secure operation of MGs (such
as required detection time) which are given by various stan-
dards are presented in Table 1. As shown in this table, only
IEEE 1547 is applicable to SGBMGs. In this section, some
suitable evaluation indices for SGBMGs and their calculation
procedures are expressed in detail.

TABLE 1. International standards for islanding detection.

A. NON-DETECTION ZONE
Non-detection zone (NDZ) is the most widely-used graphical
tool to evaluate the performance of the islanding detection
relays [15]–[17]. This region presents the amount of active
and reactive power mismatches where the IDS fails to detect
the islanding condition within the permissible time [18], [19].
In addition, NDZ should be extracted to adjust the relay
thresholds, especially for conventional techniques [15]–[20].

To determine the NDZ boundary, both electromagnetic
simulation-based studies and analytical-based techniques can
be employed [17], [20]. It should be noted that the NDZ
extraction concept of SGBMGs is different from that of
IBMGs [20]. Since IBMGs have no mechanical inertia, their
NDZ region is mainly influenced by the RLC load quality fac-
tor and resonant frequency [20] and the detection time is less
important for their NDZ extraction. On the other hand, the
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FIGURE 1. (a) Islanding detection time versus active and reactive power
imbalance, (b) NDZ.

islanding detection time of SGBMGs should be considered
due to their mechanical inertia. After the islanding occurrence
of SGBMGs, their voltage and frequency do not reach to their
new values instantaneously [20], [21]. In the other words,
it takes a longer time for large inertia SGBMGs to reach
the operating thresholds of the relay [21]. Therefore, the
dynamic behavior of voltage and frequency is very important
in this case and islanding detection time should be carefully
considered for NDZ extraction of SGBMGs. Fig. 1(a) shows
the islanding detection time versus active and reactive power
imbalances. Moreover, Fig. 1(b) illustrates the (1P, 1Q)
points for which the detection time becomes greater than a
predefined threshold [22]. Based on IEEE 1547 standard, the
maximum islanding detection time is 2 s for SGBMGs.

The NDZ boundary of SGBMGs may be affected by
the governor and exciter controllers of SSSGs. Further-
more, the behavior of the SGBMG static loads (i.e. constant
impedance, constant power, and constant current) and their
dependency on voltage and frequency, as well as dynamic
loads especially induction motors should be carefully inves-
tigated [23]. Generally, numerous transient simulations con-
sidering various scenarios should be performed for providing
the relay NDZ [22]–[24]. For instance, about 195 various
case studies are simulated by [24] around the perfect power
imbalance to determine NDZ. Therefore, a simulation-based
technique may be very time-consuming for determining the
NDZ boundary. Moreover, using this method for adjusting
the conventional relays settings is very difficult. Therefore,
some analytical methods have been proposed in [20]–[23]
to estimate the amount of NDZ of widely-used conventional
techniques using some analytical functions. In the following
paragraphs, a proper systematic method for extracting NDZ
of SGBMGs is expressed which is developed by [20].

The typical shapes of NDZ for constant power and constant
impedance loads are depicted in Fig. 2 [20]. As shown in
this figure, the rectangle shape of NDZ can be considered for
both constant power and constant impedance loads. However,
for impedance loads, the rectangle should be rotated clock-
wise [20]. The rotation angle can be considered 30 degrees.
It should be noted that 1P1 and 1P2 are mainly affected
by the frequency-based relays settings. Besides, 1Q1 and
1Q2 are affected by the voltage-based relays thresholds.
Parameters 1P1 and 1P2 can be easily determined using
the analytical equations as presented in Table 2. Moreover,

FIGURE 2. NDZ region for (a) constant power load, (b) constant
impedance load [20].

TABLE 2. Appropriate analytical functions for calculating minimum
detectable active power mismatch [20].

an iterative solution is suggested for determining the amount
of 1Q1 and 1Q2 using the analytical synchronous machine
equations whose detailed information is presented in [20].

B. DETECTION TIME
Detection time is defined as the duration between the island-
ing occurrence instant and the relay detection instant. Some
appropriate control and protection actions should be per-
formed after islanding detection to maintain the SGBMGs
stability [25]. Therefore, the amount of detection time should
be small enough. Based on IEEE 1547, the detection time
should be less than 2 s. However, for some SGBMGs, this
time should be smaller than the standard criteria due to the
stability and protection issues [23]–[26]. It is necessary to
note that various islanding scenarios under different operating
conditions should be investigated to evaluate the IDS detec-
tion time.

C. FALSE DETECTION RATIO
Islanding detection methods should stay secure during non-
islanding events [27], [28]. To evaluate this, the false detec-
tion ratio (FDR) is defined as:

FDR = NF
/
NT × 100 (1)
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where NT is the total number of tested islanding or non-
islanding scenarios and NF is the number of false detection
commands. The following conditions should be considered
for evaluating the IDS:
◦ Load and capacitor switching: Large load or capacitor
switching may result in the voltage, power, and fre-
quency oscillations of the SGBMGs [29]. Therefore,
the performance of IDSs should be evaluated under the
maximum possible load or capacitor switching.
◦ Induction motor starting: Starting of large induction
motors, especially using direct online (DOL) meth-
ods lead to reactive power consumption increment and
voltage drop in the SGBMGs. In addition, the seen
reactance from SSSGs terminal changes during motor
starting. Therefore, IDSs may operate incorrectly in this
condition [30].
◦ Various short circuit fault conditions: Due to fault ride
through requirements of SSSGs, IDSs should remain
secure during short circuit events.
◦ Cold load pickup: Re-energization of a distribution
feeder after a long duration of power interruption, which
is called ‘‘cold load pickup’’, may lead to an overcurrent
and under voltage phenomenon, simultaneously. This
condition should be considered for evaluation of IDS
performance.
◦ Fault-induced delayed voltage recovery (FIDVR):
FIDVR phenomenon is a severe condition where the
voltage magnitude of distribution feeders remains low
for about 3-30 s due to the large slip of induction motors
after short circuit clearance. It should be noted that
FIDVR usually takes place at feeders with a high amount
of induction motors penetration. The IDS should remain
secure during recoverable and unrecoverable FIDVR
conditions [31].
◦ SGBMG stable or unstable power swing: On the con-
trary of IBMGs, stable or unstable power swings may
occur for SGBMGs due to various events especially
short circuit faults. Therefore, it is important to evaluate
the IDS of SGBMGs in this condition [32].
◦ Fault-initiated islanding: This condition occurs when the
point of common coupling (PCC) breaker is opened by
the protective devices due to upstream network faults.
In this condition and after opening the PCC breaker, the
IDS should realize the islanding condition [33].

D. NON-DETECTION INDEX
Non-detection index (NDI) is proposed by [34] to evaluate
the effectiveness of an IDS to detect islanding events for
a specific SGBMG. Depending on the SGBMGs specifica-
tions, upstream system configuration, and load characteris-
tics, an IDS can be suitable or non-suitable for a specific
SGBMG. Therefore, for some SGBMGs simple low-cost
conventional IDS is appropriate for islanding detection. How-
ever, for some SGBMGs more complex IDS should be
employed. NDI can help engineers to employ the most suit-
able IDS for the SGBMGs.

FIGURE 3. Sample test system [34].

FIGURE 4. Example of non-detectable periods [34].

To explain NDI, the test system shown in Fig. 3 is consid-
ered [34]. The SSSG can be separated from the upstream grid
by the opening of various breakers. For the system shown in
Fig. 3, the opening of breakers RC01, RC02 and RC03 makes
Island 01, Island 02, and Island 03, respectively. In addition,
the consumption curve of islanded system load for each case
is illustrated in Fig. 4. The relay NDZ band is shown by1P1
and1P2 in this figure. As shown, for some time periods, the
power mismatch (1P) may locate in the relay NDZwhere the
relay cannot detect islanding events. For instance, within
the 1tP−RC01 period, the load curve of island 01 is located
in the relay NDZ band and thus, the islanding condition of
island 01 cannot be detected by the relay within this period.
Finally, the total time in which the relay fails to detect
islanding events can be obtained by (2) considering various
islanding situations:

1tP−G = 1tP−RC01 ∪1tP−RC02 ∪ · · · ∪1tP−RC0n (2)
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Consequently, NDI can be obtained by (3) for a specific
period (T ):

NDI = 1tP−G/T (3)

E. UNSYMMETRICAL LOSS OF MAIN DETECTION
Loss of main may occur in one phase or two phases due
to unsymmetrical operation of upstream operation devices
especially fuses. In addition, unsymmetrical loss of main
may occur due to broken conductors [35]. Therefore, the
unsymmetrical loss of main can be categorized as an open
circuit fault at the upstream system. On the other hand, this
unsymmetrical loss of main leads to a negative sequence
current which may cause SSSG thermal damages. It should
be noted that the location of this unsymmetrical loss of main
(i.e. unsymmetrical open circuit) has a significant impact
on the amount of this negative sequence current. In such
a condition, the islanding signal should be issued and the
proper control and protection actions should be performed to
retain SGBMG stability and prevent thermal damages caused
by the negative sequence current. Therefore, the capability
of unsymmetrical islanding detection is an important feature
which should be evaluated for IDS.

III. ISLANDING DETECTION METHODS FOR SGBMGs
Various approaches have been proposed in the literature
to detect islanding conditions of SGBMGs which can
be divided into local and remote methods, as shown in
Fig. 5 [11]–[16], [36]. Local methods operate based on local
measurements at DG or PCC location; whereas the remote
methods detect the islanding condition using the transferred
information from various points by a proper communication
link. The most advantage of remote methods is to eliminate
none detection zone (NDZ). However, local methods are
more preferred by the researchers due to economic concerns.
In the following, the existing local and remote approaches
applicable to SGBMGs are investigated.

A. REMOTE METHODS
The main requirement of remote methods is the communica-
tion link between the DGs and remote equipment to transfer
a signal which helps IDS to detect islanding events [36].
The remote methods are applicable to both SGBMGs and
IBMGs. The major advantage of remote methods is their
zero NDZ [36]. As shown in Fig. 5, remote methods can be
divided into four major groups. The power line carrier (PLC)
is employed by some remote methods to transmit a signal
from the upstream substation [37]. In this method, a high-
frequency signal would be continuously injected into power
lines. This signal is detected by a proper receiver at the SSSG
location [38]. The islanding condition will be realized when
the receiver cannot detect the injected signal [38], [39]. How-
ever, this method is not economical for small-scale SGBMGs
due to the high implementation cost of PLC. Supervisory
control and data acquisition (SCADA) can be employed to
detect islanding events of SGBMGs [40].

FIGURE 5. Classification of islanding detection methods.

SCADA measures upstream system electrical parameters
including voltage and current at various locations through
appropriate communication media [41]. The main short-
comings of this method are large detection delay and high
dependency on the communication link [42]. Nowadays, the
SCADA-based IDSs can be implemented easily in the smart
distribution system which is equipped with advanced distri-
bution management system (ADMS) platform [43]. ADMS is
an integrated central platform which includes advanced con-
trol and protection functions. This platform has a high-speed
and secure connection to all of the system intelligent electri-
cal devices (IEDs) and remote-controlled switches (RCSs).
Therefore, islanding condition can be easily detected in each
part of the system by gathering the information of these
IEDs and RCSs through the ADMS platform. In addition,
ADMS can significantly improve the IDS speed by utilizing
new features of IEC-61850 protocol like GOOSE messages.
However, implementing such a platform requires high band-
width communication media which makes this technique
expensive [43].

To lessen the implementation cost, some of the new island-
ing detection methods employ few electrical parameters
which require a simple communication media. For instance,
synchronized phase voltages measured at the upstream point
and SGBMG is proposed by [36] to detect the islanding event.
In this method, synchronized measurement units (SMUs) are
utilized to collect and transmit the required data. In addition,
a signal time tag is provided by a GPS device. In [44],
micro-phasor measurement units (µPMUs) are employed to
provide the frequency and phase angle information of the
DGs terminal and reference substation. Then, the cumulative
sum of frequency and angle difference is employed to detect
islanding condition.

To decrease the amount of transferred data, transfer trip
schemes are employed in various distribution systems. Trans-
fer trip schemes operate based on monitoring the state of
upstream breakers and reclosers. If a switch becomes open,
the IDS should check the islanding condition [45]–[47]. To do
so, the configuration of the upstream system is required to
check the islanding of SGBMGs. Therefore, it is recom-
mended to utilize this method along with SCADA or ADMS
platform to provide appropriate performance [43]. Various
communication infrastructures can be employed to provide
fast operation of transfer trip schemes including optical fiber,
and cellular data such as general packet radio service (GPRS),
2G, 3G, and other wireless communications. However, some
of these communication technologies may not be secure
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against cyber-attacks. Therefore, a proper communication
protocol should be utilized for fast and reliable communica-
tion. Recently, this requirement can be provided using IEC
61850 protocol and its GOOSEmessage capability [43], [46].
However, if the number of switches between SGBMG and
upstream substation is large, the implementation of this
method would be very complex [47].

B. LOCAL METHODS
The local methods operate based on local measurement of
proper signals on the SGBMGs side without using any com-
munication link. These methods are traditionally classified
into active and passive methods [13]–[16]. Active meth-
ods operate based on injecting an intentional disturbance to
SGBMG which pushes the voltage and frequency to become
lower or greater than a permissible threshold after the island-
ing occurrence. It should be noted that this disturbance can be
applied to the SSSG voltage control system, and/or the SSSG
frequency control system or by switching some loads in the
SGBMGs feeders [13], [14], [16]. However, passive meth-
ods only monitor some predefined indices or extract various
hidden features to distinguish islanding condition without
injecting any disturbance to the SGBMG. Local methods are
investigated in the following sections.

IV. ACTIVE ISLANDING DETECTION METHODS FOR
SGBMGs
As expressed in the previous sections, active methods are
commonly utilized for detecting the islanding conditions
of IBMGs, and these methods are not recommended for
SGBMGs due to the following reasons:

- Loss of the chance of smooth transition between
grid-connected and islanding operation modes,

- Increasing SSSG mechanical damages and fatigue dur-
ing both steady-state operation and transient events,

- Decreasing the lifetime of the SSSG and MG equipment
and increasing maintenance and overhaul costs,

- Increasing the possibility of SSSG transient instability
during non-islanding events.

The SGBMGs active islanding detection methods can be
divided into three major groups including impedance switch-
ing, opening or closing of the microgrid circuit breakers, and
applying perturbation signals into the SSSG control loops
such as governor and automatic voltage regulator (AVR)
[48]–[51]. The first group (i.e., impedance switching) has a
lower adverse impact on the SSSG stability and its mechani-
cal fatigue. Meanwhile, the third group may be much more
effective for detecting the islanding condition. To take the
whole benefits of active methods and increase their per-
formance, these methods are commonly utilized along with
a suitable passive method which is called a hybrid tech-
nique [48]–[50]. Passive methods are commonly utilized
for initiating the intentional disturbances or analyzing the
MGs signal after applying such perturbations. In this section,
proper active methods which can be applied to SGBMGs

FIGURE 6. IDS flowchart for active methods.

TABLE 3. Comparing performance of various active IDSs.

are investigated. The overall flowchart of active/hybrid tech-
niques is depicted in Fig. 6. As shown, some intentional
perturbations are injected into the SGBMG at the speci-
fied time intervals (or after detecting a possible islanding
event). Then, to distinguish islanding events from others,
the suitable parameters of SGBMG and passive indices will
be monitored and compared with the predefined thresholds.
It should be noted that these thresholds are determined using
the offline calculations part. Due to the adverse effects and
excessive implementation costs of active/hybrid methods,
only a few numbers of these techniques have been proposed
for SGBMGs. Some of these methods which can be applied
to SGBMGs are presented in Table 3. These methods are
expressed in the following paragraphs.

The open-close of the SSSG circuit breaker at the connec-
tion point is proposed by [48] to detect SSSG islanding events
during a small power mismatch. In this method, one phase
of the SSSG CB is opened and closed immediately which
leads to significant changes in the SSSG terminal and exciter
voltages. Then, the rate of change of exciter voltage (RCEV)
is employed as an index to detect islanding conditions. For
islanding events, the amount of this index would be greater
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than a predefined threshold. The detection time of thismethod
is about 300ms with zero amount of NDZ. However, this
open-close may occur for each islanding or non-islanding
event, even load switching, which results in high mechanical
fatigue of the SSSG and circuit breaker. Moreover, single-
pole opening and closing results in large magnitude negative
sequences which have adverse effects on the system, espe-
cially SSSG. On the other hand, single-pole open-close of
the SSSG circuit breaker increases the possibility of SSSG
transient instability.

In [49], an IDS is proposed to detect SSSG islanding
events using the capacitor switching technique. At first, the
capacitor rated power is determined based on the systematic
approach. The minimum power of this capacitor bank can be
analytically determined based on the maximum amounts of
positive and negative reactive power mismatches for which
the conventional relays cannot detect the islanding condition.
This capacitor is inserted after opening the main breaker to
increase the power mismatch and thus, the islanding events
can be detected by voltage or frequency relays. The detection
time of this method is less than 600 ms and its NDZ value
is almost zero due to the capacitor insertion. However, this
method may fail to effectively insert the capacitor bank when
the islanding occurs due to opening a breaker in the upstream
distribution system.

In [50], a perturbation signal would be injected into the
SSSG active/reactive power control loops to create inten-
tional instability during islanding events which leads to the
significant undamped variations of the SGBMG frequency
and voltage signals. Then, the voltage and frequency signals
are processed through a signal processing unit, which is called
multiple signal classification, and the islanding would be
concluded if the undamped variations of voltage or frequency
signals are detected. If the autonomous operation of SGBMG
after islanding detection is required, the controller parameters
will be changed by this method at the islanding detection
instant. However, the islanded SSSG may lose its stability
due to the injected intentional perturbations into the SSSG
controller loops, and thus, the chance of creating a stable
islanded SGBMG may be lost. The detection time of this
method highly depends on the SSSG control system. The
islanding condition considering zero power mismatch can be
detected in 200 ms for a droop control system. However,
for constant power control and zero power mismatch the
islanding detection time are about 1.5 to 2 s.

The rate of change of reactive power (dq/dt) is employed
by [51] to initiate R-L load switching during possible island-
ing events. After load switching, the amount of dq/dt is
calculated again to realize the islanding condition. In this
method, a suitable circuit breaker or solenoid contactor can
be employed for switching the R-L load. However, using this
method may not be beneficial due to its high expenditure.
In addition, this method may fail to distinguish some types of
short circuits (especially three-phase) from islanding events.
Moreover, the proposed strategy may insert the R-L load
during some non-islanding events (especially short circuits)

which may result in SSSG instability. The detection time of
this method is about 440 ms and its NDZ is greater than zero.
Therefore, the performance of this method in comparison to
the other active methods is not suitable.

Based on our simulation studies and with reference to the
investigations provided by [52], the frequency of SGBMG
changes monotonically after islanding occurrence without
requiring any intentional disturbance, as shown in Fig. 7.
On the other hand, using active methods for SGBMGs has
an adverse impact on the SGBMG transient stability and
SGBMG power quality. Therefore, as explained before, pas-
sive methods are more preferred for islanding detection
of SGBMGs, and active methods are not recommended for
these types of MGs [14]. Consequently, mainly the passive
methods are investigated in the rest of the paper.

FIGURE 7. Simulation results for an islanding scenario (a) SGBMG
frequency, (b) rate of change of SGBMG frequency.

V. PASSIVE ISLANDING DETECTION METHODS FOR
SGBMGs
The passive methods are the first techniques employed to
detect SGBMGs islanding detection condition. The conven-
tional passive methods have a high non-detection zone and
false decision ratio. To improve the performance of the con-
ventional methods, various rules and algorithms are proposed
by different researchers which are explained in the following
sub-sections.

A. SETTING RULES FOR ADJUSTING CONVENTIONAL
RELAYS
The common commercial islanding detection methods which
are conventionally utilized include 1) over/under voltage
(OV/UV), 2) over/under frequency (OF/UF), 3) rate of
change of frequency (ROCOF) and, 4) vector shift (VS).
These methods suffer from the high amount of NDZ
and FDR. In addition, the performance of these methods
highly depends on the adjusted setting values [53], [54].
Therefore, using appropriate values for the setting parameters
can effectively improve the performance of these methods.
Some articles have investigated the impact of setting values
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TABLE 4. Comparing performance of various IDSs based on monitoring proper indices.

on the performance of the conventional methods which are
described in the following.

In [55], a new setting rule is proposed employing a data-
mining technique to determine the optimal threshold val-
ues of common commercial islanding detection functions.
In this method, the amount of NDZ and false operations are
minimized for each SSSG. For a sample SSSG, the optimal
settings values of UF, ROCOF, and UV are proposed to be
equal to 0.9975pu, 0.035pu/s, and 0.915pu, respectively.

A new graphical approach is proposed in [56] to adjust
the threshold values of anti-islanding frequency-based relays
to disconnect the SSSG after islanding occurrence or during
abnormal frequencies. To do so, a graphical power mismatch
region is defined to minimize the relay NDZ and its nuisance
tripping. For a specific SSSG, the threshold value of ROCOF
is suggested to be 0.0083 pu/s with 330 ms seconds operation
delay.

B. MONITORING PROPER INDICES
These types of methods are widely utilized by the SGBMGs.
The overall decision-making flowchart of these methods is
illustrated in Fig. 8 which can be divided into various parts
as described in the following. As shown in this figure, real-
time local signals of SSSG including voltage, current, rotor
angle, and angular frequency are utilized as the input of the
real-time islanding detection flowchart which is the main
part of the decision-making process. In this part, the first
step is employed to initialize the algorithm parameters. Then,
second step is used to detect the system disturbances and
initiate the main algorithm. It should be noted that the second
step may be overlooked for some of the detection methods.
The third step is utilized to calculate the indices based on the

FIGURE 8. IDS flowchart based on monitoring proper indices.

pre-defined procedure. In the final step, the calculated indices
are compared to the corresponding thresholds and the island-
ing events are detected after elapsing the considered inten-
tional time delay. This time delay may be neglected for some
methods. It should be noted that the predefined thresholds
are determined using offline calculations part. Meanwhile,
in some islanding detection methods, the required thresholds
are not a constant value. For these methods, the thresholds
are adaptively determined using online analysis part. After
islanding detection, the proper real time actions, e.g. trip
command to breakers and proper control/protection actions
would be performed.

Various types of these islanding detection methods and
their performance are presented in Table 4 [57]–[65].
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They are mainly proposed to overcome the shortcomings of
conventional methods. Some of these methods are expressed
in the following paragraphs.

In [59] and [66], the sensitivity of various indices and
parameters which are proposed by literatures are investigated
during various islanding and non-islanding events. These
indices are tabulated in Table 5. The simulation studies
performed by [66] reveal these indices may have changes
during both types of islanding and non-islanding events.
The variations of these indices during various islanding
scenarios and non-islanding events (including load switching
and fault events) are depicted in Fig. 9. In addition, the
amount of SGBMG power mismatch for each simulation case
is shown in this figure. As shown in Fig. 9(a), only dp/dq,
dq/dp, dq/df, dq/dv, dv/df, df/dq and dp/dv have significant
changes during islanding events and the other indices do
not change considerably. Furthermore, the aforementioned
parameters, except dq/df, have large variations during various
non-islanding events, as shown in Figs. 9(b) and 9(c). There-
fore, dq/df, which has large variations during islanding events
and small changes during non-islanding events, may be more
appropriate than the other ones to differentiate islanding
events from non-islanding events. However, distinguishing
islanding and non-islanding events using these indices and
pre-defined thresholds is very difficult and thus, the amount
of FDR would be high. In addition, the dynamic behavior
of loads, especially induction motors is neglected by most
islanding detection methods, and these methods only focus
on a constant RLC load [51], [54], [59], [66], [67]. Moreover,
the performance of these methods highly depends on the
predefined constant threshold values.

TABLE 5. Various indices used for islanding detection [59].

Therefore, to increase the sensitivity of passive methods
and enhance their security, applying adaptive thresholds and
investigating the impact of load dynamic behavior are rec-
ommended by [24], [57], [58]. For instance, derivative of
the equivalent resistance seen from DG terminal with respect
to angular frequency is proposed by [24] to detect islanding
condition. When the amount of the proposed index becomes

FIGURE 9. Variations of passive indices during (a) islanding event,
(b) non-islanding short circuit event, (c) non-islanding load increment
event [66].

greater than the adaptively determined threshold, the island-
ing condition would be realized. The amount of adaptive
threshold is analytically calculated considering the dynamic
behavior of loads. The value of calculated threshold is very
large during non-islanding events. However, it becomes small
during islanding events which significantly helps improve the
algorithm security. In [58], an adaptive threshold is adopted
using the relation of the resonant frequency of load and its
reactive power consumption. This can improve the algorithm
security during motor starting condition. Furthermore, based
on our simulation investigations, the algorithms with adaptive
thresholds have smaller FDRs, as shown in Table 4. For
instance, both of the methods which are presented by [24]
and [57] operate based on equivalent resistance.

However, usage of the adaptive thresholds by [24] pre-
vents its maloperation during non-islanding events, especially
three-phase short circuits. As shown in Fig. 10, the method
proposed by [57] operates incorrectly during a three-phase
short circuit fault while the method proposed by [24] remains
secure.

C. FEATURE EXTRACTION AND SIGNAL PROCESSING
METHODS
To lessen the NDZ value and islanding detection time,
hidden features of system electrical parameters including
voltage, current, and frequency are extracted using various
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FIGURE 10. Simulation results for non-islanding short circuit scenario for
both adaptive and constant threshold values.

FIGURE 11. Flowchart of feature extracting based IDS methods.

signal processing methods [68], [69]. The general flowchart
of feature extraction-based methods is depicted in Fig. 11.
Similar to the previous method, real time local signals of
SSSG including voltage, current, rotor angle and angular
frequency are utilized as the inputs of the real time islanding
detection flowchart, as shown in Fig. 11. In this part, the
required features of the input signals would be extracted
using signal processing techniques. Then, new indices are
calculated based on these extracted features. Finally, these
indices are compared to the predefined thresholds and the
islanding events are detected after elapsing the considered
intentional time delay. It should be noted that the predefined
thresholds are determined using offline calculations part.

In this section, various signal processing-based IDSs
are described and some of them are presented in
Table 6 [70]–[78]. A comprehensive summary of these signal
processing techniques is described in the following.

Fourier transform (FT) is one of the most common
frequency-domain techniques which is usually employed to
extract the various harmonics of the input signals especially
voltage and current [79]. However, harmonic-based meth-
ods are effective mainly for inverter-based microgrids. Since
harmonic content extraction is not helpful for detecting the
islanding events of SGBMGs and FT-based methods cannot

extract the transient information of the input signals, these
methods may not be suitable for SGBMGs [79]. To cope
with this issue and to extract the transient features of the
input signals, other signal processing methods like modi-
fied FT and wavelet transform (WT) are recommended [80].
These methods can decompose the input signal into various
frequency bands [81]. WT extracts the signal information
in both time and frequency domains [81], [82]. However,
FT only describes the frequency domain information of the
input signal [81]–[84]. It should be noted that WT-based
methods employ small windows to extract high frequen-
cies and large windows for low-frequency features [84]. For
instance, WT technique is employed by [77] to extract the
high-frequency components of microgrid voltage and fre-
quency at islanding instant. Then, if the amount of these
high-frequency contents becomes greater than a predefined
threshold, the islanding condition would be realized in less
than 1 s. It should be noted that this method may operate
incorrectly during non-islanding events.

WT method may operate incorrectly due to measure-
ment equipment transients or system high-frequency noise.
To overcome the disadvantages of WT-based methods
and improve their security against noise, wavelet singu-
lar entropy (WSE) technique is recommended [73]. In this
method, the three-phase voltage signals are measured at
DG terminals. These signals are processed by WT and the
associated coefficient matrix is generated. Based on this, the
singular value matrix and probability array are computed.
Then, the amount of WSE will be calculated for each phase.
Finally, the linear summation of each phaseWSE is employed
as an effective index to detect loss ofmain [73]. This approach
can reduce the NDZ value to almost zero and minimize
the detection time. However, the main disadvantages of this
method include heavy computational burden and malopera-
tion during non-islanding disturbances especially DG tran-
sient instability.

To enhance the WT performance, a modified version of
WT called S-transform (ST) is developed by [85]–[88]. Gen-
erally, ST can be considered as a combination of WT and
short-time FT (STFT). ST gives both amplitude and phase
information for a wide spectrum of the input signal and
provides frequency-dependent resolution. However, ST may
fail to localize some disturbances in the time domain [82].
To cope with this issue, the modified version of ST which is
named Hyperbolic ST (HST) is adopted [83]. HST employs
a pseudo-Gaussian hyperbolic window which has a better
resolution at various frequencies. In [89], the HST technique
is utilized to process the PCC voltage signal. Then, the signal
energy is determined based on the extracted components.
Finally, the islanding condition is realizedwhen the computed
energy becomes greater than a predefined threshold. Our
simulation studies and the investigations of reference [81]
shows HST has better performance against noisy signals and
also it has a better resolution for detecting islanding events
compared to ST and WT. Moreover, the HST-based algo-
rithms are more secure against non-islanding events.
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TABLE 6. Comparing various feature extraction based IDSs.

The empirical mode decomposition (EMD) is also
employed by several research works to detect islanding
condition [70], [90]. This method decomposes the input
signal into various mono-components which are known as
meaningful intrinsic mode functions (IMFs) [91]. However,
this method suffers from various issues including computa-
tional complexity and mode mixing effect [70], [90], [91].
To overcome these issues, time-varying filter-based EMD
(TVF-EMD) is recommended by [70], [91]. In fact, the cutoff
frequency of the TVF-EMD filter is not a constant value
which enhances the decomposition performance, especially
for nonstationary signals. In [70], TVF-EMD is employed to
compute the energy amount of IMFs. If the calculated energy
becomes greater than a predefined threshold, the islanding
event would be concluded. The false detection rate of this
method during islanding and non-islanding events are 0.056%
and 1.96%, respectively. Moreover, this method can properly
realize islanding condition within 15ms during zero power
mismatch. Although the computation of TVF-EMD has some
complexities, reference [70] claims that TVF-EMD methods
can be practically implemented using the new digital relays.
A new EMD-based technique, called Hilbert–Huang trans-
form (HHT), is developed recently to analyze nonlinear and
non-stationary time-domain signals. In fact, HHT decom-
poses the signal using frequency and amplitude modulation
through the aforementioned EMD process. In [71], HHT
process is employed to analyze the SSSG dynamic response
and then, four major features including damping factor, zero
mode, identity participation matrix and frequency of oscil-
lations will be checked to distinguish the islanding events
from non-islanding disturbances. This method can detect the
islanding event within 450ms and its NDZ amount is less
than 0.05%.

To enhance time localization of the processed signal,
especially for high frequencies components, the time-time
transform (TTT) technique is also recommended by some
literatures [92]–[94] which is computed using inverse Fourier
transform of the ST filter [81]. Meanwhile, its computation
has some complexities similar to EMD. Another powerful
signal processing method which has a low computational
burden is mathematical morphology (MM). MM is a time-
domain nonlinear transformation that is adopted based on set
theory and integral geometry [95]. The input signal can be
easily processed through MM using some simple operators
including Dilation and Erosion [96], [97]. These operators
work based on set theory and simple addition or subtraction
and thus, the associated computational burden is very low.
In [75], an islanding detection method is proposed using MM
to detect the islanding event of eachDG in a hybridmicrogrid.
To do so, the three-phase voltage and current signals at target
DG are acquired for 1 cycle. Then, these signals are processed
throughMMfilters using simple operators including Erosion,
Dilation, Opening, and Closing. Afterward, some islanding
detection indices would be computed using the MM output.
If the amount of indices becomes greater than a pre-specified
threshold, the islanding event will be detected. The islanding
event can be detected using the method within 15ms and its
NDZ amount is almost zero.

Transient monitoring function (TMF) is another signal
processing technique which can be employed to distinguish
islanding events from non-islanding ones [74]. This method
determines the difference between the real measured signal
and estimated signal assuming the system operates under
normal grid-connected mode [74]. The large values of the
computed difference indicate the islanding condition. The
main concern for this method is to estimate the required
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TABLE 7. Comparing various intelligent based IDSs.

FIGURE 12. Flowchart of intelligent IDS methods.

signal accurately. Moreover, this method may operate incor-
rectly during non-islanding events, especially three-phase
short circuits. The NDZ amount and islanding detection of
this method is about 1% and 55ms, respectively.

D. INTELLIGENT TECHNIQUES
To enhance the performance of islanding detection methods,
intelligent-based techniques have been employed along with
the indices introduced in section IV.B and signal processing
methods presented in section IV.C. The algorithm flowchart
of this method is illustrated in Fig. 12. As shown in this figure,
some indices or signal processing techniques are utilized
to extract the suitable features. Then, these extracted fea-
tures would be utilized to train and test the intelligent-based
classifiers. Finally, these trained classifiers are utilized in

real time flowchart to distinguish islanding events from non-
islanding events. The main part of intelligent-based methods
is selecting the appropriate features which can effectively
distinguish islanding events from non-islanding ones. There-
fore, the most sensitive features to islanding events should
be selected. Moreover, to lessen the computational burden
and enhance the detection speed, the correlation between the
selected features should be minimized [98].

The type of classifier has a significant impact on the
islanding detection performance. Various classifiers are rec-
ommended by the prior works for islanding detection. The
performance of some of the intelligent-based IDSs and their
utilized classifiers are compared in Table 7. These methods
are described in the following [99]–[106].

Decision tree (DT) is the most common data mining-based
technique which provides a hierarchical decision-making
model [99]. In fact, DT converts complex decisions into some
simple decisions by employing ‘‘if-then’’ rules. These rules
should be carefully extracted from the segmentation of the
input data [106]. DT classification begins at the ‘‘Root node’’
which includes the initial classification. This node is splat-
tered into some ‘‘Child nodes’’ by using the proper classifi-
cations [106]. These conversions would be continued till the
final decision or ‘‘Leaf node’’ is achieved. ADT-based island-
ing detection scheme is proposed in [98] which employs
27 different features. However, this method suffers from large
NDZ value due to using low sensitive features. To improve
the IDS performance, the harmonic content of equivalent
reactance is utilized as a new input feature by [106]. Then,
a new relay logic is developed using a classification and
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regression tree (CART). The NDZ value of this method is
almost zero and its detection time is about 300ms.

Fuzzy logic (FL) is a computational approach which is
employed by various articles to detect islanding condition.
In the other words, FL is a powerful technique to resolve
problems based on the associated truth degree [100]. For
instance, in [100] a new FL-based method is developed
which employs 11 system features including ROCOF to
detect the islanding condition of SGBMGs. In addition, the
DT-based method is utilized to determine the initial clas-
sification boundaries. This method can detect the islanding
condition when the power mismatch becomes greater than
40%. Moreover, it has good performance under 20 and 30 dB
noise conditions.

Artificial neural network (ANN) is one of the main intel-
ligent techniques which is basically employed for machine
learning. Various components including analytical functions
and different layers are utilized by ANN-based methods to
learn a pattern from the input data. After the training pro-
cess, ANN can recognize the pattern of the new input data.
For islanding detection purposes, some microgrid features
should be employed as training or testing inputs. There-
fore, various system conditions should be considered for
training ANN-based IDSs. If some of the system condi-
tions are not considered in the training stage, the ANN
technique may operate incorrectly during the un-experienced
islanding or non-islanding events. In [107], a four-layer
ANN technique is utilized for islanding detection and the
measured voltage signals at DG terminals are injected for
training and testing procedures. About 2000 simulations
including islanding and non-islanding scenarios have been
performed for various operating conditions. Four different
cases are considered for islanding scenarios, including pos-
itive/negative active/reactive power mismatch. Moreover,
as the non-islanding events, load switching and frequency
variations are simulated. However, some other conditions
especially fault-initiated islanding and dynamic behavior
of induction motors are not considered. The operation
time and NDZ value of this method are 2.75 s and 10%,
respectively [107]. An adaptive combination of FL and
ANN techniques are recommended by several articles to
enhance the islanding detection accuracy which is called
‘‘ANFIS’’ [108].

A new NN-based classifier called ‘‘extreme learning
machine (ELM)’’ is developed to enhance the speed of
conventional NN-based classifiers [103]. In fact, ELM is
a ‘‘randomized single-hidden layer feed-forward neural net-
work’’ which can be effectively utilized for islanding detec-
tion purposes. For instance, ELM is employed by [103] in
which the ELM optimal parameter settings are specified
using ‘‘evolutionary computation’’ [103]. In this method, the
input features would be obtained using phase-space method.
The false detection rate of this method is very low and its
detection time is about 6 cycles. Furthermore, an ensem-
ble learning method named random forest (RF) classifier
is employed by [101] to detect islanding detection which

operates based on various decision trees and its islanding
detection performance is presented in Table 7.

Support-vector machine (SVM) is a powerful machine
learning tool which can be employed for both classification
and regression purposes [109]. SVM basically operates based
on separating hyperplanes. To classify the input data with
the minimum failure, the proper hyperplane should be deter-
mined using various linear or non-linear kernel functions.
In [110] an intelligent method is developed using SVM to
improve the performance of VS technique. In this method,
some features are extracted using five system variables.
These features are injected into the SVM classifier as inputs.
The performance of the proposed method is explored using
different kernels including Gaussian RBF, polynomial and
linear. These investigations reveal the NDZ of this method
is almost zero. In addition, its detection accuracy for 0.5%
power mismatch is equal to 89.6%, 92.6%, and 82.2% using
Gaussian RBF, polynomial and linear functions, respectively.
These studies reveal the polynomial function has a better
performance compared to the other kernel functions.

VI. COMPARISON OF DIFFERENT METHODS
Various features and performance evaluation indices of differ-
ent types of IDSs are compared with each other as presented
in Table 8. In this table, very fast, fast and medium refer to
‘‘less than 40 ms’’, ‘‘less than 200ms’’ and ‘‘less than 1s’’,
respectively. Moreover, high implementation cost means that
those IDS methods require new devices to be installed in the
SGBMG.Moderate cost means they do not require additional
devices while they may need some hardware improvement
and minor changes in the islanding detection relays. In addi-
tion, low cost methods can be implemented using the existing
devices without any additional expenditures.

As presented in this table, communication-based (remote)
and active methods have proper performance in fast detect-
ing of the islanding events even with zero power mismatch.
However, these techniques may not be always applicable due
to their high cost as well as implementation complexities.
In addition, active methods may have adverse impacts on
the SGBMGs transient stability and steady-state operation.
Considering these facts, local passive methods are mostly
recommended for the SGBMGs.

Conventional widely-used passive methods have a large
NDZ region and low detection speed. Furthermore, the
amount of threshold values has significant impact on the
performance of these methods which is a negative feature.
Therefore, proper adjustment of these threshold parame-
ters enhances the conventional methods performance. Using
proper monitoring indices can improve the IDS speed and
reduce the amount of NDZ. However, using these indices
cannot completely eliminate the NDZ region. It is highly
recommended to employ adaptive thresholds to enhance the
security of these indices against non-islanding events and
decrease their dependency on the predefined thresholds. Fea-
ture extraction based on signal processing techniques and
intelligent methods can significantly decrease the amount of
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TABLE 8. Comparison of various islanding detection algorithms.

NDZ. Moreover, these methods can improve the detection
speed and IDS security. The main drawback of data mining
methods is their high dependency on the training data and
system configuration. Therefore, they are not recommended
for practical applications in which the feeder configuration
changes frequently. Moreover, both of the signal processing-
based methods and intelligent techniques suffer from high
computation burden and they require more powerful hard-
ware and processors compared to the other passive meth-
ods. Based on these comparison results and our industrial
experiences, utilizing proper indices along with proper signal
processing technique methods and using adaptive thresholds
would be the most suitable scheme for SGBMGs.

VII. NEW IDEAS FOR THE FUTURE WORKS
Based on the extensive investigations of the existing research
works performed in this paper and the industrial experiences
of the authors, the following recommendations are suggested
for further research works and to improve the performance of
the existing techniques.

A. INTEGRATED CENTRAL ISLANDING DETECTION
FUNCTION
An SGBMG may contain multiple SSSGs with various con-
trol modes. In this case, it is recommended to integrate the
islanding detection function of the SSSGs and use a central

islanding detection unit for the whole SGBMG. To do so, the
data of all SSSGs and their associated transformers should be
utilized to achieve the best performance.

B. USING ADAPTIVE THRESHOLDS
Using adaptive thresholds is recently recommended by a few
research works which can effectively improve the IDS secu-
rity against non-islanding events and also reduce the NDZ
region. The following factors are suggested to be considered
in the calculation of the adaptive thresholds:

- SSSG active/reactive power control mode (e.g., constant
power and droop);

- System configuration (e.g., feeder configuration, status
of the other SSSGs, status of the large loads and etc.);

- Dynamic behavior of the system loads using their aggre-
gated model;

- Active/reactive power passing through the PCC;
- SGBMG total inertia (including induction motors and
the SSSGs);

- Amount of load sharing between the SSSGs.

C. UTILIZING NEUTRAL CURRENT
A very high percentage of the short circuit faults include
the ground, i.e. single phase and double phase to ground
faults. One of the effective signals which can be employed
to discriminate islanding events from fault conditions is the
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zero-sequence current and its associated harmonics. There
are various methods to recognize the zero-sequence signal
including the summation of the measured phase signals or
using a suitable separate current transformer (CT), e.g. core
balance CT or neutral point CT. The summation method has
a large amount of error during various conditions (e.g. motor
starting, cold load pickup, fault and etc.), and thus, it is not
recommended for islanding detection purposes. To provide
acceptable performance, it is suggested to measure this signal
directly through the grounded neutral of the SSSG step-up
transformer.

The SSSGs are commonly connected to the upstream sys-
tem through a step-up YNd transformer and the transformer
neutral current is directly measured by a single phase neutral
current transformer (NCT). TheNCT output can be employed
to discriminate islanding conditions from other events espe-
cially ground faults.

D. USING THE CURRENT NEGATIVE SEQUENCE
As expressed in section II, the islanding condition may
unsymmetrically occur due to the open circuit condition in
one phase. This condition may result in damage to SSSG
and other equipment and thus, should be detected as fast as
possible to perform the proper control and protection actions.
The ratio of negative sequence of the current signal to its
positive sequence (I2/I1) and also its rate of change can be
effectively employed to detect such a condition.

E. COMBINED APPLICATION OF SIGNAL PROCESSING
APPROACHES
Each signal processing method may have some advantages
and disadvantageous due to the type of the occurred transient.
Therefore, it is suggested to utilize a combination of the
signal processing approaches and fuse their output decision
to increase the detection performance for different transient
types and minimize the FDR and NDZ.

VIII. CONCLUSION
The islanding condition of MGs should be detected as fast
as possible to perform proper control actions and prevent
possible adverse effects on the upstream system. In this
paper, a comprehensive technical review of islanding detec-
tion techniques of SGBMGs is offered. At first, several suit-
able indices have been introduced which can be practically
employed to evaluate the performance of the IDSs and select
the most appropriate one for an SGBMG. Then, various
IDSs applicable to SGBMGs are investigated and compared
carefully. Each of the presented methods may be suitable
for some SGBMGs and thus, the most compatible IDS for
a specific SGBMG should be selected based on the obtained
comparison results. Based on the investigations, the islanding
condition of SGBMGs can be sensibly detected using passive
methods even under zero power mismatch conditions and
without requiring any intentional perturbations. Meanwhile,
active methods are not recommended for SGBMGs. The
investigations of this paper reveal that the most viable passive

method is monitoring the proper islanding detection indices
along with using feature extracting techniques which can
significantly reduce the SGBMG NDZ region. Moreover,
the performance of these passive methods can be further
improved by using intelligent techniques which mainly oper-
ate based on the data-mining techniques. In addition, employ-
ing adaptive thresholds enhances the IDS security against
non-islanding events and also decreases the IDS dependency
on the network configuration. Additionally, several practi-
cal and useful recommendations and suggestions have been
presented in this paper for future research works and further
improvements of the existing passive methods.
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