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Abstract

The connection of renewable energy sources (RESs) to the distribution network has been
rising at a steady pace over the past decades. The great penetration of RESs such as
grid-connected photovoltaic system brings new technical challenges to the distribution
networks such as unintentional islanding. Conceptually, this situation occurs when a por-
tion of the network that has been isolated from the main grid remains energised by the
embedded RESs. This unexpected scenario should be thereby identified effectively to avoid
frequency and voltage deviations and their hazardous effects. The aim of this paper is to
provide a comprehensive review on the recently developed islanding detection methods for
grid-following/grid-connected photovoltaic system, analyse their existing limitations, and
suggest possible future research implementations. In this context, an in-depth compati-
son is provided considering the main features used in islanding detection methods such as
non-detection zone, detection time, implementation cost and complexity, and power qual-
ity degradation. Finally, the main technical requirements established by the current grid
codes are recalled identifying potential multi-functional approaches to expand the current

1 | INTRODUCTION

In the recent years, renewable energy sources (RESs) have been
widely exploited in electrical power systems to mitigate global
warming and its hazardous effects. Among all existing technolo-
gies, grid-connected photovoltaic system (GCPVS) is gaining
prominence due to its various benefits for users and distribu-
tion system operators. On the user side, the simple operation,
the reduction of the energy trading with the main grid, and its
competitive installation costs are the main advantages [1]. From
the grid side, the stronger points are efficiency and reliability
reinforcement [2].

Similar to other distributed generations (DGs), the intercon-
nection of GCPVSs pose several challenges to the distribution
networks (DNs), such as the unintentional islanding opera-
tion. This hazardous situation takes place when a microgrid
containing both DG(s) and local load is disconnected from
the upstream grid by opening the circuit breaker (CB) at

islanding detection capabilities.

the point of common coupling (PCC), as shown in Figure 1
[3-5]. This undesired situation may include power quality (PQ)
disturbances such as frequency and voltage deviations, a safety
hazard for the network personnel as it is assumed the islanded
area is being de-energised, unexpected changes in the fault cur-
rent level as a consequence of the shift in the earthing system
and a damaging effect on electrical machines and transformers
due to the out-of-phase reclosing [6]. Considering these afore-
mentioned drawbacks, preventing such conditions and keeping
the grid operating safely becomes mandatory. In this context,
IEEE Std. 1547-2018 and UL 1741 propose a procedutre to be
followed in the islanding operating mode and suggest a maxi-
mum time of 2 s for ceasing/controlling the DG generation [7,
8]. A common option for constructing a power plant GCPVS
is to deploy numerous seties of multi-string inverters in paral-
lel, e.g., typically within the range of 50—200 kW nominal output
power). Therefore, an effective islanding protection should also
tackle the effects of such a practical scenario.
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FIGURE 1 Typical scheme of a GCPVS with parallel RLC load

Several islanding detection methods (IDMs) have been pre-
sented in the literature, categorised into four main groups:
communication-based, passive, active, and hybrid methods
[3-5]. The first type relies basically on broadband technolo-
gles such as optic-fibre and power line communications for
establishing direct communication between the CB of the
substation-feeder and the CB located at the DG interconnection
bus. Albeit several communication protocols can be estab-
lished, the islanding mode is normally identified quickly after
the operation of the CB between the upstream grid and DG(s)
path [9-13]. Although these schemes are known as the most
reliable islanding classifiers for both inverter- and synchronous-
based technologies, the expensive structure limits its practical
implementation in small-scale DGs such as residential GCPVSs
[14].

Passive algorithms use the local measurements acquired at the
PCC. In the traditional passive IDMs, time-domain variables ate
continuously measured and compared to a pre-set threshold [15,
16]. After the island formation, as the main grid is no longer
dictating both voltage and frequency, the variables are shifted
into a new state according to the mismatch between genera-
tion and load. In most cases, this mismatch is large enough for
the timeliness shifting of the mentioned state variables beyond
the pre-set thresholds. Nevertheless, the worst scenatio occurs
when negligible power flows to/from the grid and state vari-
ables barely deviate from their rated values. The thresholds of
the passive IDMs are thereby assigned eminently small to iden-
tify these challenging scenarios. However, this tuning process
may cause false operation during some non-islanding events
that imply either voltage or frequency deviations, e.g. short-
circuit faults, capacitor bank, load/induction motor switching,
and transformer energisation. Therefore, optimum thresholds
determination is known as the main challenge of the passive
IDMs to achieve minimum false tripping in non-islanding inci-
dents and minimum non-detection zone (NDZ), i.e. the cases
wherein the employed technique fails to recognise islanding;
Frequency-based [17] and pattern recognition techniques [18]
have been recently established to mitigate the NDZ of the tra-
ditional time-domain passive-based protection relays. Although
these IDMs distinguish islanding and non-islanding states reli-
ably through employing computationally advanced techniques,
the high dependency of the threshold settings on the type/size
of the DG/network under study is known as their main demerit.

In active techniques, a controlled disturbance is injected into
the GCPVS control loop to destabilise a local variable during
islanding. Conversely, the effects of the imposed disturbance are
negligible in the grid-connected mode as the GCPVS follows
the voltage and frequency governed strictly by the upstream
network [19]. Although these schemes have reduced the NDZ
and detection time substantially with respect to the passive
IDMs, the injected disturbance can degrade the PQ during the
grid-connected operation.

Finally, both passive and active methodologies are combined
in the so-called hybrid IDMs. The disturbance of the active
technique is thereby triggered if a passive criterion suspects
islanding. Therefore, the NDZ is reduced drastically whilst PQ
is barely degraded in the grid-connected operation [20]. The
expensive structure and the large detection time are reported
as the main limitations of these two-level schemes.

This paper essentially aims to review the recently developed
islanding detection methodologies for GCPVS. However, the
main contributions of this work are listed as follows:

* Performing a comprehensive analysis of the existing GCPVS-
based IDMs.

* Providing a detailed comparison and discussion between
algorithms considering the paramount features in islanding
detection, including NDZ, detection time, cost and com-
plexity, PQ degradation, and the capability for seamlessly
transitioning from grid-connected to the standalone mode.

* Shedding some light on the current limitations of the anal-
ysed IDMs, especially when they interact with the ancillary
services in the DNs and underscore the future trends of this
promising technology.

* Identifying the challenges of the existing IDMs and propos-
ing solutions for future studies and developments.

Most GCPVS-based active/hybrid IDMs have been imple-
mented in the voltage source inverters (VSIs). Hence, the
control loops of the VSI are firstly explained in Section 2. Sec-
tion 3 elaborates on the recentislanding detection developments
for GCPVS. The main features of these IDMs are then thor-
oughly compared in Section 4. Since the GCPVSs will play
a significant role in supporting the future DNs by providing
ancillary services, the current status of these functionalities and
their interaction with IDMs are analysed in Section 5. Finally,
Section 6 presents the main advantages and challenges of the
existing IDMs and proposes a few recommendations as future
lines of research.

2 | VOLTAGE SOURCE INVERTER
MODELLING FOR ISLANDING
DETECTION PURPOSES

The VSl is composed of two independent control loops as illus-
trated in Figure 2; voltage and current [21]. The voltage control
loop tracks the PV array’s maximum power point (MPP) in any
operating condition, e.g various irradiance levels and ambient
temperatures. This is accomplished by applying search-based
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and metaheuristic-based MPP tracking (MPPT) algorithms in
the DC/DC converter [22]. Further, the current control loop
balances the PV array and output power (Ppy and Ppg), syn-
chronises the output current (/45¢,,.) With the output voltage
(Vabe), and ensures PQ requirements. The first aim is achieved
by eliminating the steady-state error between the reference
current/power and the measured ones through proportional—
integral (PI) and proportional-resonant (PR) controllers in dg0
and a0 reference frames, respectively [21]. The synchronisa-
tion between the output current and voltage is also fulfilled
through different techniques such as phase-locked loop (PLL).
The reference switching signal of the DC/AC converter is even-
tually generated to obtain a sinusoidal output current with low
harmonic content, i.e. keeping the current total harmonic dis-
tortion (THD) below 5% [7, 8]. In this regard, pulse width
modulation (PWM) and space vector modulation (SVM) are
among the most applied switching techniques.

From the islanding detection standpoint, the dynamic
response time of the current controller is fast enough for desta-
bilizing a local variable during an islanding event through a
periodic disturbance. Conversely, since the MPPT algorithm is
realised at a lower frequency, an open-loop disturbance should
be injected to assure enough effect is caused in a local variable
so that it deviates from the pre-set limits. Therefore, several
active/hybrid IDMs have exploited the current control loop to
inject a periodic disturbance while a few techniques used the
voltage control loop for this purpose.

3 | ISLANDING DETECTION
METHODOLOGIES FOR
GRID-CONNECTED PHOTOVOLTAIC
SYSTEMS

This section describes the recent islanding detection develop-
ments for GCPVS. These IDMs can be divided into the remote,
passive, active, and hybrid techniques, elaborated as follows and
summarised in Figure 3.

3.1 | Telecommunication-based methods

The common feature of these techniques essentially lies in
connecting the upstream substation and DG(s) through a
telecommunication channel given a certain protocol. In the
direct transfer trip (DTT) scheme depicted in Figure 4(a), the

-Remo te o Direct transfer trip

o Power line signaling
e Under/over voltage protection
* PCC voltage ripple

e PCC voltage deviation from a pure
M Sinusou“a] wave
o Cumulative
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* Maximum power point injection
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FIGURE 3 Categorisation of islanding detection methodologies
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FIGURE 4 Remote IDMs. (a) Direct transfer trip, (b) power line

signalling

status of GCPVSs, CBs, and upstream substation are monitored
through supervisory control and data acquisition (SCADA)
system. The tripping signal is sent to the CB located at the
GCPVSs when the utility SCADA identifies the failed opera-
tion of any switching device within the DN that can de-energise
the microgrid. It is worthwhile to note that this operation can be
motivated by either a grid fault or unscheduled grid reconfigura-
tion [9]. This methodology has been also used by Cataliotti et al.
to protect and control a low voltage distribution network [10].
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The data of the protection station is sent to the CBs through
power line communication. The algorithm provides the chance
of voltage regulation of the islanded microgrid as shown in the
presented analysis.

In the power line signalling technique illustrated in
Figure 4(b), so as to establish communication between the
substation and the GCPV CB, a signal generator and a sig-
nal receiver are implemented at the main substation and at
the GCPV’ end, respectively. Thereby, a signal is periodically
injected into the grid by the generator and received by the end
device. If a switch between the upstream substation and the
GCPVS is operated, the communication between devices is lost,
and islanding is identified [11].

A distributed communication-based IDM has been estab-
lished by Ma et al. [12]. The microgrid is firstly divided into
several distributed systems, equipped with the intelligent elec-
tronic device (IED). The status of the CBs of the distributed
systems is then monitored online for islanding classification.
The authors employed a topology graph for optimum dis-
tributed system definition. The simulation outputs endorsed
zero NDZ of the presented scheme with better real-time
performance, i.e. detection within 283 ms. Song et al. pre-
sented the status of the CBs in a DC distribution network,
assisted by a local-based criteria [13]. Islanding condition is
detected in case the CB(s) status changes to open. The algo-
rithm is supported through measuring CBs’ current and the
voltage difference between various nodes. Islanding is recog-
nised when the CB’s current and voltage deviation over a given
time frame is either near-zero or greater than a threshold,
respectively.

These communication-assisted schemes can be integrated
into all microgrids, distegarding the technology, size, and num-
ber of DG(s), and identify the islanding condition even in a
perfect mismatch scenario. However, the high implementation
cost is still the main challenge of these IDMs, especially for
small-scale DGs such as residential GCPVSs [14]. Moreovert,
the false tripping in the network reconfiguration cases leads to
unnecessary microgrid de-energisation.

3.2 | Passive-based methods
3.2.1 | Protection relays based on time-domain
variables

The effectiveness of the conventional passive-based IDMs lies
in the measurement of the local variables at PCC or DG’s intet-
nal control loops. As shown in Figure 5, these local parameters
are compared with pre-established settings. After island forma-
tion, the grid cannot compensate for the mismatch between
generation and load, shifting the state vatiables to the new value.
For example, the PCC voltage change after islanding can be
defined as follows:

Ve

Alpec = = Vo )

AP
Ve

where, pre-islanding PCC voltage and its shift after island for-
mation are denoted by 17, and Al%pcc, respectively. For a
great active power imbalance (AP), the PCC voltage deviates
from its standard limits, and islanding is identified. For instance,
when AP/ Ppg is either under or above the [—29.13%, 17.35%]
range for I/, = 100%, the post-islanding voltage is out of the
[88%, 110%] range; hence, the under/over voltage protection
(UVP/OVP) activates and disconnects DG [15].

Several time-domain passive IDMs have exploited the PCC
voltage variation as an islanding detection indicator. Against
this backdrop, the difference in the voltage measured at the
PCC and pure sinusoidal wave has been adopted by Dubey
et al. [23]. In an islanded scenario with a remarkable power mis-
match, this variable deviates rapidly from the rated value. The
authors employed Fourier—Taylor transformation within a mov-
ing window and the least square error method to estimate the
output voltage. The results unveiled successful islanding detec-
tion in less than 55 ms except for the narrow [—1%, 1%] range
of relative active (AP/Ppg) and reactive power mismatches
(AQ/Ppg). The ripple of the PCC voltage of GCPVS has been
used by Guha et al. [24]. In this work, islanding is identified
when the rate of change of PCC voltage (ROCOV) exceeds
a given threshold of 300 ms. An intentional time delay has
also been considered to discriminate voltage deviations dur-
ing transient switching events and islanding. Moreover, when
the output current surpasses 125%, short-circuit fault incidents
are recognised for de-energizing GCPVS. In ref. [25], a field-
programmable gate array (FPGA) implementation of an island-
ing detection technique has been proposed, where the maxima
of superimposed voltage components are used. According to
the provided outputs, this IDM identifies the perfectly matched
islanding scenarios within 11 ms. However, it seems to have a
certain undetectable region by investigating the effect of the
settings in the results. Haider et al. exploited cumulative reac-
tive power harmonics (CRPH) of the GCPVS, where the output
current and voltage are firstly measured to quantify GCPVS
reactive power output [26]. The harmonic spectrum of this reac-
tive power is then estimated through the discrete Kalman filter.
The authors displayed that the estimated CRPH of an 80 kW
GCPVS surpasses a pre-specified threshold within an operat-
ing cycle timeframe in a neatly balanced island. The accuracy of
this technique is greater than 95% for both islanding and non-
islanding cases. Kamyab and Sadeh defined an adaptive piece-
wise function of the GCPVS active power teference considering
PCC voltage [27]. Through this scheme, the Ppg notably
reduces so that the new voltage is likely to be beyond the mini-
mum standard set [7, 8], thus activating the UVP. This piecewise
function has been determined taking into account the input
power limitation of GCPVS in any operating condition. Further,
the slope of the mentioned function has been defined adaptively
to support different loading levels. The MATLAB/Simulink
simulations endorsed successful islanding detection within 1 s
under different power mismatches and load quality factors.

Karimi et al. established a passive IDM for inverter-
interfaced DGs using ROCOV and the ratio of the voltage
magnitude to the current one at the PCC known as VoI [28].
The voltage data is initially collected by phasor measurement
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units (PMUs), installed at the PCCs, and the ROCOV computed
with a 1 kHz sampling frequency. When ROCOV surpasses a
certain level, the Vol of each phase is compared with a thresh-
old. The authors claimed that the Vol changes matkedly in
islanding operation within the [0.1 s, 0.6 s] timeframe, while
its vatiation is hardly appreciable in the non-islanding switch-
ing transients. The simulation results for a case study with
both GCPVS and other DG technologies demonstrated that
the NDZ falls within the narrow [—0.5%, 0.5%] range of the
AP/Ppg and AQ/Ppg. This technique has considered a PMU
device for each PCC, making it costly. Therefore, it would be
economically viable for power plant GCPVS with several par-
allel VSIs connected to the same bus, thus sharing the PMU
unit. In addition, the ROCOV and Vol thresholds have been
tuned based on the off-line simulations, which depend largely
on the studied test system. Elshrief et al. adopted the rate of
change of active power (ROCOP) and PCC voltage deviation
for islanding detection purposes [29]. According to the pre-
sented MATLAB/Simulink simulations, this technique fails to
detect a well-balanced island as the employed variable hardly
deviates in such scenarios.

In addition to the PCC electrical quantities, a few researchers
focused on the parameters of the VSI’s control loops for island-
ing detection. In the aff0 reference frame, the PR controller is
exploited to remove the steady-state error between the sinu-
soidal reference current and the output. The petformance of
the PR controller is highly sensitive to the grid voltage and
impedance. Thus, Hamzeh et al. established a passive IDM for
an inverter-based DGs where the output current at a given
frequency harmonic components (e.g. 11th, 13th, or 15th) are
measured [30]. The GCPVS current would resonate in the PR
controller to eliminate its deviation from its reference in grid-
connected mode. On the contraty, the variation of the output
current is almost negligible in islanding operation due to the
lack of the resonant source, i.e. the grid. The authors indicated
that the functionality of the algorithm relies on the estimated
admittance at PCC. In addition, the amplitude of the feed-
back current is defined as a trade-off between detection time
and PQ degradation requirements, i.e. greater current feed-
back leads to a faster detection, which in turn causes a severe
PQ degradation. Finally, since the algorithm may fail to detect

Islanding detection

islanding in the presence of non-linear loads, measuting the
THD content of the PCC voltage has been recommended.
The MATLAB/Simulink-based analyses highlighted the reliable
performance of the presented IDM even in the multi-GCPVS
cases, detecting islanding in less than 80 ms. The status of the
PI controller in the VSI’s voltage controller has been used by
Das and Chattopadhyay [31]. When the GCPVS operates in
parallel with the grid, the output of the PI controller remains
inside the [0, 1] range, whereas it saturates during islanding. The
voltage setting implemented in the GCPVS is also defined to
provide low voltage ride through (LVRT). Both simulation and
experimental tests highlighted the effectiveness of this IDM in
at most 2 s, having the capability of seamlessly transitioning
to the standalone mode. According to the proposed yardstick,
this algorithm operates satisfactorily regardless of the GCPVS
size and operating point without the need to set a threshold for
each particular test system. However, the effect of grid distur-
bances such as short-circuit faults on the mentioned criterion
has not been analysed. Further, the NDZ includes a large range
of power imbalances, the same as those of the UVP/OVP.

Finally, some authors have exploited the voltage phase angle
and its associated features, e.g. the rate of change of the volt-
age phase angle and its energy [32—34]. Pourbabak and Kazemi
proposed the variation of the voltage phase angle as an island-
ing detection criterion [32], whereas Samet et al. investigated
the rate of change of the phase voltage angle [33]. Both stud-
ies reported outstanding results with a reduced NDZ. In ref.
[34], the rate of change of voltage phase angle, frequency, and
rate of change of frequency (ROCOF) are adopted in a multi-
functional technique where islanding detection, voltage support,
and power shating are addressed simultaneously.

As seen, the thresholds of the mentioned time-domain crite-
riain [15, 16, 23-30, 32—34] rely highly upon each particular test
system. Instead, a smaller threshold mitigates the NDZ notably
while the technique’s maloperation in non-islanding events rises.

3.2.2 | Frequency-domain techniques

This type of passive-based technique take advantage of the
frequency spectrum features for islanding detection purposes.
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This dataset is then analysed to define a criterion in frequency-
domain for classifying islanding and non-islanding events,
as shown in Figure 5. In this context, the discrete wavelet
transform (DWT) of PCC voltage has been developed by Bala-
murugan and Sahoo [35]. The islanding detection signal of this
IDM s inserted into the PWM technique to de-energise GCPVS
after islanding classification. The fast-islanding detection of this
method (less than 20 ms) and the low voltage THD (less than
3%) have been confirmed in the presented analyses. A modified
version of the continuous wavelet transform (CWT) has been
exploited in ref. [36]. The identification of islanding patterns is
performed by analysing a data set composed of PQ) indices such
as voltage amplitude, event duration time, unbalanced degree,
system frequency, grid impedance, and power angle. Even
though it has claimed small NDZ with no PQ degradation, it
certainly injects an inter-harmonic signal whenever islanding is
suspected.

In ref. [37], the instantaneous modal set of the PCC voltage
has been computed, followed by a Hilbert transform. After-
wards, the variance autocorrelation of the estimated variable
has been quantified. Haider et al. displayed that the variation
of this criterion is negligible in grid-connected mode while
it raises sharply during the islanding condition. According
to the provided simulations, the presented yardstick classifies
islanding with a level of accuracy greater than 97%. How-
ever, the inaccurate threshold setting may trigger GCPVS in
some non-islanding events, especially induction motor start-
ing. The standard deviation and entropy of the PCC voltage
Sparse S-transform have been established by Mishra and
Bhende [38]. Similar to ref. [35], a modal transform has been
employed to mitigate the complexity and computational time
of the presented IDM. The implemented scheme on a 14 kW
GCPVS identifies islanding scenarios without false activation in
non-islanding transients.

As for the time-domain techniques, tuning the appropriate
threshold(s) used for islanding detection is a challenging task
as in frequency-based techniques. Hence, the high dependence
of these thresholds on the studied system limits the practical
implementation of such schemes.

3.2.3 | Pattern recognition algorithms

In addition to the signal measurement/extraction of the
time-domain and frequency-domain passive techniques, pat-
tern recognition IDMs exploit a decision-making algorithm
(Figure 5). In these techniques, several off-line simulations and
a training process ate realised based on the measured local data
to classify islanding and non-islanding conditions. Machine-
learning techniques such as decision tree (DT), neural network,
and support vector machine (SVM) are the most extended tech-
niques to this end. For instance, Allan and Morsi combined
CWT and convolution neural networtk (CNN), where 31 local
variables have been considered in the training process [39]. The
output of the CWT is used as the initial data set required to
train the CNN. Then, this technique categorises the input data

into the islanding and non-islanding groups. The proposed algo-
rithm has considered numerous case studies and exhibits 98.6%
accuracy with time detection smaller than 210 ms yet its imple-
mentation is complex and costly. In addition, the number of
variables and the number of samples can affect the function-
ality and accuracy of the IDM significantly. Gupta and Garg
employed a wavelet transform on the negative-sequence of the
PCC voltage [40]. Then, the extracted feature in eight frequency
bands is inserted into the decision tree classifier. It is shown
that the presented technique detects islanding with near-zero
NDZ within 5 ms. However, the authors have carried out an
extensive set of simulations to obtain the training patterns,
which in turn increases the difficulty of determining the thresh-
olds to avoid large NDZ and false tripping in non-islanding
states.

Long-short term memory (LSTM) is a new robust tool for
data classification [41]. The structute of LSTM is similar to
the one used in a neural network but contains additional feed-
back connections between layers, thus being able to classify,
process, and make proper predictions. Accordingly, the combi-
nation of LSTM and CWT has been recommended by Bukhari
etal. in ref. [41]. Continuous wavelet transform is applied to the
three-phase PCC voltage, and the amplitude and frequency of
the first three bounds are inserted into the Hilbert transform
to extract the instantaneous amplitude and frequency. Finally,
eight features are extracted to categorise the events into the
islanding and non-islanding incidents through the LSTM. The
simulations endorsed the high accuracy of the presented work
for both GCPVS and synchronous-based DG even in a noisy
condition.

SVM is a reliable machine-learning classifier if properly
assisted by a set of samples. Hence, Baghaee et al. established
a new SVM-based IDM for a microgrid with GCPVS and plug-
in hybrid electric vehicles (PHEVs) [42]. In this assessment,
seven electrical variables are selected as features for the initial
data set, including the RMS value of both current and voltage
waveforms at the PCC, the THD of current and voltage signals,
both active and reactive powers, and frequency. For training the
SVM, a set of state variables obtained during the charging pro-
cess of a PHEV are also considered as a sample. Thus, the IDM
would properly identify the disturbances that occurred during
this charging process as a non-islanding event. The proposed
algorithm identifies the islanding condition within 40 ms with
an accuracy greater than 90%. Manikonda et al. combined SVM
and image classification as a reliable IDM [43]. A histogram of
oriented gradient features is extracted from the image, which is
used as an input feature vector for training and testing multi-
ple SVM classifiers. Passive-based parameters such as voltage,
ROCOV, and rate-of-change of negative sequence voltage are
finally used to develop a strong IDM.

The pattern recognition techniques with reliable and fast
detection time have drawn the attention of several researchers.
However, since the settings depend largely on the system
parameters, the tedious computational process required for the
initial data set has to be repeated for each test system, limiting
its practical application.
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3.3 | Active-based methods

3.3.1 | Frequency-based techniques

The main idea of the frequency-based active IDMs is to desta-
bilise the frequency through a periodic reactive power injection.
In active frequency drift (AFD), this reactive power distur-
bance (Opis) is injected at a given level, disregarding the size
of frequency deviation [44]. The QJps is selected as a trade-off
between smaller NDZ and PQ) degradation, inside the following
limitation:

2 2
Qp<1—<ff>)<°%§§<gp<l—<ff>> @

where, O is the load quality factor. Further, frequency and its

lower and upper standard margins are denoted by £, fin, and
Jmax tespectively. The presented results reveal successful detec-
tion of AFD in the most stringent scenarios within 620 ms. Liu
et al. developed AFD in Sandia frequency shift (SFS) technique
that the Opyg is injected according to the frequency deviation,
i.e. a greater disturbance is employed when the frequency devi-
ation from the nominal set is larger [45]. This reduces the NDZ
and detection time of the modified technique. Further, the men-
tioned frequency deviation is small in non-islanding switching
transients. Hence, the PQ degradation would be smaller than
AFD in the grid-tied mode, 30% less current THD with the
same NDZ.

3.32 | Impedance measurement

This scheme relies on measuring the equivalent impedance (Z)
seen by the PCC [46]. As shown in Figure 6(a), in the grid-
q €quals to the parallel of the grid’s (Z,)
and local load’s impedances (7). This impedance would be
approximately Z, which is small for a strong network. On the
contrary, as illustrated in Figure 6(b), Z, equals Z] being greater

than Zy after the loss of mains. Therefore, a sudden rise in the

connected mode, Z,

impedance seen at PCC leads the system to identify islanding
condition. Various methodologies attempted to integrate a dis-
turbance in the output current at a given frequency and measure
its effects on the voltage to compute Z [47-50].

The main challenge of the impedance measurement (IM)
algorithm is the PQ degradation as a consequence of the
injected disturbance into the current signal. Moreover, in a
power plant GCPVS with several parallel GCPVSs, the inserted
disturbance may imply negative voltages with opposed polat-
ity. Thus, the total voltage and associated impedance would be
influenced by such an effect, then failing to detect islanding
scenarios.

The insertion of a current disturbance at high-frequencies
along with IM have been presented in ref. [46]. In the pres-
ence of several DGs, Reigosa et al. suggested the deployment
of the algorithm in two parallel GCPVSs to avoid the NDZ.
In this master-slave approach, given GCPVS(s) is(atre) responsi-
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IDMs undetr 2 multi-GCPVS scenario

ble for islanding detection of a microgrid with several GCPVSs
operating in parallel, as shown in Figure 7. This strategy is
now applied in several commercial solar inverters in the range
of 50—150 kW rated power, e.g. Sunny Highpower PEAK3 man-
ufactured by SMA [51]. While the disturbance current is injected
through an auxiliary circuit in ref. [46], a modified PLL has been
used in ref. [47] to inject a third harmonic current disturbance.
This work deploys a selective harmonic elimination (SHE) to
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remove other harmonic spectra and monitor the third harmonic
current component. An improved IM-based method for single-
and three-phase VSIs has been established in [48]. Reigosa et al.
proposed the injection of a pulsating high-frequency signal so
that the impedance of any phase in the stationary reference
frame could be computed. According to the provided analysis,
the presented IDM propetly discriminates islanding and non-
islanding events.On the other hand, the performance of the
presented IDM has not been assessed under multi-DG, and high
resistance short-circuits fault scenarios wherein the algorithm
may operate inaccurately. While in most IM-based techniques,
the disturbance current has been injected into the VSI at the
PCC, Xiao et al. proposed internally triggering a short-duration
short-circuit in the converter terminals to force a sharp volt-
age drop [49]. The short-circuit current contribution of the
GCPVS to this voltage disturbance has been used for islanding
detection. Despite the promising outputs, this IDM signifi-
cantly deteriorates the grid PQ as occurs with other IM-based
techniques.

Having said the above, it can be concluded that the afore-
mentioned algorithms exhibit large NDZ in the presence
of multi-GCPVS, cause false activation during non-islanding
events when connected to a weak grid, and degrade the PQ.
The aforesaid issue is of particular concern when new VSIs are
connected to the nearby bus of a multi-GCPVS microgrid. The
measured impedance may certainly vary as a consequence of the
injected current, leading other VSIs to misclassify this event as
islanding. In order to tackle this issue, Liu et al. proposed the
injection of a non-fixed disturbance current and measurement
of the dynamic impedance at PCC [50]. As the simulations high-
lighted, the recommended IDM recognises islanding operating
mode with small NDZ without causing maloperation in parallel
VST starting up.

3.3.3 | Voltage positive feedback

In dgO reference frame, the GCPVS active power is commonly
controlled in the VSI through d-axis reference current (/;.f)
while g-axis reference current (7, ) is set to zero for unity
power factor operation. The destabilisation of the PCC voltage
in islanding operation has been considered in the positive volt-
age feedback (VPF). In this IDM, a feedback of the PCC voltage
has been inserted into the /¢ as follows [52]:

&1
Ljrer = (Bref — Poc) | #p + ol s (kpp X Alpcc) ()

where, P is the active power reference. Moreover, positive
feedback gain (&pg) controls the size of injected disturbance.
Based on Eq. (3), /. increases during an islanding operation
undet ATpee>0 with a surplus of active power (see Equa-
tion (1)). Therefore, P reaches a greater setpoint leading to a
further PCC voltage rise. This procedure continues until pcc
exceeds the standard upper limit and OVP de-energises GCPVS.
For islanding scenarios with A I'pe <0, £ ¢ reduces Pp con-
tinuously so that I"pcc goes beyond the minimum standard
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FIGURE 8 Voltage positive feedback performance in islanding events

set as illustrated in Figure 8. The upper and lower bounds of
kpr are defined to achieve the minimum NDZ and maximum
stable performance of the GCPVS during non-islanding dis-
turbances, respectively. Samui and Samantaray underscored the
reliable performance of the VPF in the presence of constant
impedance, current, and power loads with a detection time of
1 s [53]. It was also shown in ref. [54] that even though VPF
changes the current amplitude, it does not imply an increase in
the harmonic/subharmonic content, which assures reduced PQ
degradation.

The primary source of GCPVS in refs. [52, 53] has been mod-
elled as a DC voltage source. This source acts as an infinite
power source and feeds any DC current in a given constant
DC voltage. It is worth pointing out that in these studies, the
input power of the GCPVS is limited in any operating condition
by modelling the PV array and its MPPT algorithm. Therefore,
the conventional VPF fails to raise Ppg during surplus active
power scenarios and suffers from an NDZ within the range
[0%, 17.35%]. Thus, the injection of the absolute voltage nega-
tive feedback (VNF) has been proposed as follows to overcome
this issue [55]:

£
Ly st = (Bres — Boi) (/ép + TI> — lenE X Alpecl (4

Similarly to the VPE, the amplitude of the imposed distur-
bance (&nr) has been defined to ensure minimum NDZ and
large stable operation during non-islanding transients. This dis-
turbance injection ensures that the PCC voltage is pushed down
to the lower bound in all possible scenatios. Consequently, the
enhanced algorithm fixes the input power limitation and can be
implemented regardless of the PV operation point. The simula-
tion results under numerous case tests highlighted that the VNF
technique identifies all islanding conditions in less than 810 ms.

3.3.4 | Other active algorithms

The idea of inserting an intentional disturbance into the GCPVS
and observing its effects on the system variables (in either volt-
age or frequency) has been reported by some tesearchers [50,
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57]. For instance, Sivadas and Vasudevan slightly modified the
Ppg around the rated point of operation and measured the 4-
axis equivalent resistance at PCC [56]. It’s been shown that the
mentioned yardstick tracks the Ppg fluctuations during grid-
connected mode, whereas it remains almost fixed in islanding
operation. The presented equations in two parallel GCPVSs
implied the necessity of the same Ppg change by applying a
global positioning system (GPS) to avoid misclassification. Fur-
ther, these equations for a system with more than two units
are eminently complex. This technique has been evaluated in an
experimental test and detects the islanding condition with zero
active power imbalance within 500 ms. In addition to the costly
implementation, this IDM is also heavily sensitive to the simul-
taneous disturbance injection in a multi-GCPVS case as it has
been reported for IM-based IDMs.

3.4 | Hybrid methods

In hybrid techniques, the process of injecting an active distur-
bance is initiated whenever the islanding operation is suspected
through a passive criterion. The combination of both active- and
passive-based methods significantly reduces the overall NDZ
compared to the pure passive IDM without violating the PQ
standards in grid-connected mode. As an instance of hybrid
schemes, the active power output of GCPVS has been reduced
through a current injection into /;,.¢ during suspicious island-
ing events, categorised by an absolute voltage deviation index
[58]. This power curtailment leads to a further voltage reduc-
tion; thus, islanding is recognised when voltage and active power
output drop below pre-defined thresholds simultaneously. The
thresholds of the second level have been defined irrespective
of the GCPVS size and control loop; however, the voltage
threshold in the first stage has been determined as a trade-off
between small NDZ and false tripping of non-islanding events.
Since islanding is detected in less than 300 ms without shifting
voltage beyond the standards, the GCPVS would remain sta-
ble after islanding detection, facilitating the smooth transition
between grid-connected and islanded microgrid. The combina-
tion of four active and three passive IDMs has been developed
by Barkat et al. [59]. This IDM identifies numerous island-
ing scenarios in a single-phase GCPVS system within 148 ms
without any false tripping during non-islanding cases. Imple-
menting these algorithms is costly, especially for single-phase
VSIs commonly smaller than 5 kW and used for residential
GCPVSs.

Some researchers have proposed the connection of several
types of impedances in a two-stage process [60, 61]. This addi-
tional load is connected in the case that the passive criterion of
the first stage is exceeded. This load connection forces the state
variables to exceed the passive-based criterion in the second
stage during islanding incidents without significant effect on
the non-islanding transients. Rostami et al. have demonstrated
that the connection of a reactance would discriminate island-
ing events effectively [60]. The fast Foutier transform is initially
applied to the PCC voltage to compute ROCOV. According to
the estimated ROCOV, the non-islanding (ROCOV<250%/s)
and suspicious events (ROCOV>250%/s) are categorised. The
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reactance is then connected to the PCC throughout suspicious
events, leading to ROCOV values greater than 10%/s. Although
this IDM identifies most islanding scenarios within 300 ms,
the mentioned thresholds have been defined by simulations
and may have to be substantially redefined if a new system is
to be considered. In ref. [61], a resistance-capacitance parallel
load has been switched ON if measured ROCOF and ROCOV
settings are exceeded (2 X 10> Hz/s and 2 X 10~ pu/s) con-
sidering minimum voltage supervision of 85%. Based on the
achieved results, islanding is detected even with negligible active
and reactive power mismatches in the order of 2 X 107%.
Moreover, this study has considered the frequency deviations
as non-islanding events for the first time.

The MPPT algorithm extracts the maximum available power
of the PV array in any given operating condition. Based on
this, a two-level IDM has been presented for GCPVS to slightly
shift the MPP whenever islanding is suspected [62]. This MPP
curtailment leads to an active power output reduction which
triggers the islanding detection signal, as shown in Figure 9.
In this figure, the voltage and current associated with the
MPP and post-disturbance injection are denoted by “MPP”
and “NEW?” subscripts, respectively. Moreover, I5c and ¢
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stand for short-circuit current and open-circuit voltage of the
PV array, respectively. In ref. [63], suspicious events are firstly
defined by absolute voltage deviation, followed by a disturbance
injection into the PV array voltage. The size of the disturbance
voltage is defined so that the active power output shifts the
PCC voltage from the upper standard set (110%) to the lower
edge (88%) as the worst case. The mentioned disturbance is
cleared after a given time delay; so the GCPVS restores the
MPP to switch the GCPVS between grid-connected to a stan-
dalone operation whilst delivering the maximum available active
power. This IDM has been improved by injecting a disturbance
into the DC/DC duty cycle in ref. [63]. Crucially, the thresholds
do not depend on the PV array characteristics. It also identifies
islanding without causing any significant voltage drop, facilitat-
ing the PCC voltage recovery. Both IDMs show accurate and
fast performance even in the challenging scenarios with negligi-
ble power imbalances, i.e. the NDZ is [—2%, +2%] and [—1%,
+1%)] of AP/ Py for refs. [62] and [63], respectively. Moreovet,
these IDMs have no false operation in non-islanding distur-
bances and short-circuit faults as they are structured to avoid
simultaneous voltage and power drops in such cases.

In ref. [64], after the injection of a 1% disturbance current
at the frequency of 20 Hz, the d-axis component of the PCC
voltage (1) is analysed. It was shown that the deviation of this
component from its reference signal in grid-connected mode
(V4 ref) and its derivative feature efficiently and effectively detect
the islanding operation. The extensive test cases remarked that
this IDM classifies islanding under various power imbalances,
load quality factors, and multi-GCPVS scenarios within 130
ms. Finally, the authors demonstrated the reliable performance
of the adaptive 17 ¢ setting under all operating points, e.g,
received solar irradiations for GCPVS.

4 | COMPARISON OF EXISTING
ALGORITHMS

This section presents an in-depth comparison of the presented
IDMs for GCPVS. In this comparison, the main consid-
ered features are the NDZ, detection time, applicability in an
autonomous microgrid, PQ degradation, and the level of cost
and complexity.

4.1 | Non-detection zone

Non-detection zone is a clear indicator of the reliability of an
IDM as it shows the expected undetected region. This zone is
defined by both active and reactive power mismatches whetein
the employed IDM fails to identify the islanding condition
within 2 s. The NDZ is defined through the outputs of the IDM
assessment in the cases defined in the IEEE Std. 1547-2018
[7] and UL 1741 [8]. Further, the presented IDMs should not
exhibit maloperation in non-islanding switching transients. The
effectiveness of the existing IDMs for GCPVS in islanding and
non-islanding test cases are summarised in Table 1, categorised
into zero/small, medium, and large.

It is evident that the remote IDMs are reliable classifiers in
all possible islanding and non-islanding events. These schemes
are a dependable solution for all microgrids if a fast broadband
telecommunication infrastructure is available. As mentioned
earlier, the NDZ of the most passive IDMs has been reduced
slightly and yet still some of them exhibit undetectable regions.
Since the grid controls the local variables in non-islanding dis-
turbances, the false tripping of such IDMs in these switching
transients is small. Active and hybrid IDMs have shown a similar
performance as the one achieved in passive-based techniques.
The recent algorithms classify islanding and non-islanding
events with high accuracy, except VPF with a large NDZ. More-
over, a few active techniques such as IM and d-axis equivalent
resistance misclassify islanding in multi-GCPVS cases.

4.2 | Detection time

In a distribution network, most reclosures are set to operate
at 0.1-0.3s as the fast reclosing, trying to restore the islanded
microgrid after the occurrence of transient faults [65]. If the
islanding protection does not activate before this reclosing,
an out-of-phase reconnection can occur implying undesired
transient over voltages with at most 2 pu. This over voltage
may damage the loads, the equipment of the GCPVS, and the
step-up transformer. Hence, fast islanding protection mitigates
the chance of unsynchronised reclosing and its adverse effects
under such protection scheme. Further, the recently released
IEEE Std. 1547-2018 suggests keeping the GCPVS operating
in the standalone microgrid after islanding has been detected
[7]. Although the abovementioned standard and UL 1741 are
aligned with the system operators protocols where it is advised
to identify the islanding condition on within 2 s [7, 8], a fast pet-
formance allows the system to fulfil such requirements whilst
ensuring a smooth transition to the autonomous mode. In this
vein, the detection time has been measured and reported in
the literature as depicted in Figure 10. Since the performance
of the remote schemes depends on the type of telecommuni-
cation channeland the implemented protocol, it can noticeably
affect the detection time, these IDMs are excluded in this
figure. Based on these data, most frequency-based and pat-
tern recognition IDMs identify islanding events in less than 200
ms. Nevertheless, the vast majority of the active and hybrid
methodologies require larger time frames to shift a local cri-
terion outside of the pre-set limits through the disturbance.
The detection time of such IDMs falls mainly within the time
range [0.2s, 1 s].

According to Figure 10, it can be generally concluded that
most pattern recognition-based IDMs identify the islanding
operation within an acceptable detection time, i.e. most of them
inless than 1 s.

4.3 | Applicable for standalone microgrid

As mentioned in the last subsection, standards and sys-
tem operators have emphasised the importance of providing
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TABLE 1 NDZ of islanding detection techniques for GCPVSs
NDZ
Maloperation in
Methodology Zero/small Medium Large non-islanding events
Remote DTT [9] - - Zetro

Passive-based (Time-domain)

Passive-based
(Frequency-domain)

Passive-based (Pattern

recognition)

Active-based

Hybrid

Power line signalling [10, 11]
Distributed communication-based
[12]

Transient voltage function [23]
Maxima of superimposed voltage
components [25]
CRPH [26]
Piecewise Ppg vs. pec function [27]
ROCOV and Vol [28]
PR controller feedback [30]

DWT [35]
Autocorrelation of PCC voltage modal
envelop [37]

S-transform of PCC voltage [38]
CWT and CNN [39]

CWT and DT [40]

SVM [42]

IM [46-50]
Absolute VNF [54]
d-axis equivalent resistance [50]

Absolute voltage deviation and
disturbance injection into /; ¢ [58]

Combination of passive and active
methods [59]

Impedance switching [60, 61]

MPPT disturbance injection [62]

DC/DC converter’s duty cycle
disturbance injection [63]

d-axis current injection with PCC
voltage supervision [64]

PCC voltage ripple [24]
ROCOP and ROCOV [29]

UVP/OVP [15]
PI controller saturation
[31]

AFD [44]
SFS [45]

VPF [52-54]

Several cases

Few cases

Few cases

Few cases

Few cases

PCC voltage ripple

ROCOV and Vol

CWT and neural netw ork
d-axis equivalent resistance
MPPT disturbance injection
Disturbance injection to /.,

Distributed communication-based

AFD
SFS
Absolute VNF

Duty cycle disturbance injection

islanding initiates 0.2

FIGURE 10
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a continuous power supply to the critical loads in the micro-
grid. Besides fast islanding detection, the frequency and voltage
recovery should be conducted to shift smoothly the DGs to the
autonomous mode. From this perspective, the employed IDM
should cause a sufficient frequency/voltage deviation to iden-
tify islanding without destabilizing the GCPVS; thus, it provides

both islanding detection and facilitates a seamless transition to
standalone mode. Since passive and remote schemes do not
inject a disturbance, this part focuses on active and hybrid
methodologies.

Most active techniques have been designed to shift a local
variable by injecting a periodic disturbance [44-50, 51-57].
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TABLE 2  Effect of PQ degradation in active and hybrid IDMs TABLE 3  Cost and complexity of GCPVS-based IDMs
PQ Threshold dependency; Cost and
Methodology degradation Methodology tuning process complexity
Active frequency drift [44] Large Remote - Large
Sandia frequency shift [45] Medium Time-domain passive Mostly high; some analytically Small
Impedance measurement [46—50] Small Frequency-domain High; mostly through Medium
Voltage positive feedback [52-54] Small passive simulation/experimental
tests

Absolute voltage negative feedback [55] Small o .

Pattern recognition Too high; through Large
d-axis equivalent resistance [56] Small simulation,/experimental
Impedance switching [60, 61] Small tests
MPPT disturbance injection [62] Small Active Mostly high; some analytically Medium
DC/DC converter’s duty cycle disturbance injection Small Hybrid Mostly high; some analytically Medium

[63]

Therefore, the GCPVS would be destabilised after islanding 4.5 | Level of cost and complexity for
detection, and its restoration would be infeasible. The transi- realisation

tion between grid-connected and autonomous mode would also
be time-consuming for a few hybrid IDMs as they attempt to
drive a local variable outside the standard range in suspicious
islanding events. For example, the MPPT disturbance injection
forces the PCC voltage beyond the minimum standard set [62].
Still, most hybrid techniques are designed to slightly change
the system conditions of the microgtid/GCPVS for islanding
detection without destabilizing the islanded area [58—61, 63, 64].
For example, a slight active power output reduction is ordered
in refs. [58] and [63] to cause a Ipcc drop for identifying the
islanding operation yet meeting the voltage grid requirements.
Therefore, keeping the PCC voltage within the standard range
guarantees a smooth voltage recovery for a successful transition
to standalone mode.

4.4 | Power quality degradation

As mentioned above, the main pillar of both active and some
hybrid IDMs lies in the injection of a disturbance to the VSI,
which in turn undermines the PQ of the grid. In AFD and SFS,
the harmonic current is injected to drift frequency out of the
established IDM thresholds. This disturbance current has been
limited to a given setpoint to meet the PQ standard require-
ments. A harmonic current is used in the IM to detect islanding
through the measured harmonic voltage. In this scheme, island-
ing can be identified taking advantage of a smaller harmonic
current than AFD and SFS. This concern has been fixed in the
recent voltage-based active and hybrid IDMs, as presented in
Table 2. In these techniques, rather than harnessing frequency
or current angle, the current amplitude of the fundamental fre-
quency would be modified for islanding detection purposes.
For instance, it is revealed that for a given 1 kW GCPVS, the
THD and harmonic spectra of the output current in VPF and
modified sliding mode controller meets the IEEE Std. 1547—
2018 requirements [7] for a wide range of disturbance sizes and
operating points [54].

Several IDMs have been reported with small NDZ and detec-
tion time. Nonetheless, an inexpensive structure and a low
computational time process for thresholds determination are
requitred for practical implementation. These features have been
considered in this section.

As elaborated eatlier and presented in Table 3, the main
shortage of the remote schemes is the expensive telecommuni-
cation infrastructure. On the contrary, most local IDMs can be
realised simply and cost-effectively. However, the existing chal-
lenge of most IDMs is the thresholds dependency on the stud-
ied GCPVS/grid characteristics. Furthermore, these thresholds
have been defined after performing numerous islanding and
non-islanding simulations/experimental tests without support-
ing evidence of the employed analytical expressions. Therefore,
these tests should be repeated for a new GCPVS/grid. The
structure of the time-domain passive IDMs and active tech-
niques is simple, whereas the majority of frequency-based and
pattern recognition algorithms suffer from complex realisation.
These passive IDMs need a complex signal processing tech-
nique for feature extraction/decision making. As the hybrid
IDMs use both active and passive methods, the implementation
of such schemes may also be complex and expensive.

5 | REVIEW OF ADVANCED
FUNCTIONALITIES IN ISLANDING
DETECTION STUDIES

This section aims to review the state-of-the-art of the cur-
rent requirements and advanced functionalities for GCPVS in
grid-following mode according to the grid codes and stan-
dards. Indeed, as these services have become mandatory for
new products, the interaction between islanding detection and
these capabilities still needs to be explored at great length. In this
regard, the recently published works considering simultaneous
IDM and other functions are detailed.
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The DGs are expected to support ancillary services for
boosting grid reliability as emphasised in the recently published
grid codes [66, 67]. Even though the grid codes may vary
according to each country and operator, there is a general agree-
ment on the role that GCPVSs must play when connected to the
grid. In this context, outstanding work has been carried out by
Demoulias et al. [68] which extensively recalls the features of
the ancillary services and unveils their prospects. The recently
added technical requirements for GCPVS can be summarised
as follows;

* LVRT (also known as fault-ride-through)

* Reactive power control and voltage support
* Active power and frequency support

* Inertia emulation

The LVRT is the capability of a generation unit to withstand
a voltage sag whilst providing reactive power due to a fault in
the electrical grid. Thus, the GCPVS is expected to inject reac-
tive power according to a given curve during these events to
mitigate the effects of this fault [68, 69]. Even though the grid
codes only stand for the reactive power and duration, the need
to unfold such schemes given the resistance to reactance ratio of
the grid has been stressed in ref. [70]. To the best of our knowl-
edge, only two works have so far explored the simultaneous
implementation of LVRT and IDM [31, 71].

The established procedures for voltage regulation in DNs
have been studied and debated between scientists and electti-
cal engineers for some time now. But still, the presence of the
GCPVSs units has undeniably made such a goal more chal-
lenging given their inherent intermittency [72]. Thus far, the
latest research has suggested multi-agent cooperative action to
effectively fulfil voltage control [73]. Therefore, the GCPVS
will sooner or later be a vital asset for voltage control as it
can regulate its reactive power contribution. Against this back-
drop, the IDMs must be appropriately coordinated to meet
these voltage/reactive power requirements and avoid undesired
maloperation in grid-connected mode. The effects of simulta-
neous implementation of voltage support with IDM have been
scrutinised in ref. [34]. The obtained results readily indicate that
the system can accomplish these two functions simultaneously,
given any power mismatch or operating condition. Further
research could focus on testing the islanding capability in sce-
narios with multiple GCPVSs where all units are engaged in a
joint reactive scheme.

The active power-frequency control lies in keeping the bal-
ance between generation and demand, and such responsibility
falls typically within the transmission and/or system opera-
tor who establishes the protocols [74]. Hence, the GCPVS is
expected to remain connected and contribute to restoring the
system frequency by increasing the output power. For instance,
when this parameter drops below a certain threshold due to a
mismatch between generation and load. The surplus of active
power supplied by the GCPVS is determined according to the
size of the unit and severity of the event, i.e. the Phg—f curve
included in the grid codes [75]. Up to this point, it can be seen to
which extent the above criterion must be scrupulously followed

to avoid further generation curtailment, which could aggravate
the problem even more [76]. It is worth noting that the grid-tied
PV units involved in an active power/frequency unit commit-
ment could face a conflict between the two functions as one can
order tripping, whereas the other could suggest the opposite.
Based on the above, the simultaneous implementation of IDM
and frequency support would be of particular interest for future
research as GCPVS has to meet the Ppg—frequirements while
identifying an island at distribution levels.

The latest functionality under scrutiny is the so-called iner-
tia emulation. Conceptually, this feature has been specifically
designed for the converter-based generators to act as syn-
chronous ones [77]. Thence, these units can play a part in
restoring the inertia reduction after removing synchronous gen-
erators. These virtual DGs were initially implemented in large
power plants connected to transmission networks [78]. How-
ever, the recently mentioned codes state that even DG with a
small size will be required to incorporate such features. Recently,
the islanding detection capability has been studied, for the first
time, in a virtual synchronous generator by Shi et al. [79].

In addition to the previously mentioned technical require-
ments covered by the grid codes, other approaches could also
be very useful for the grid operator, e.g. a PMU-based IDM
considering cyber-attacks in ref. [80].

In the authors’ view, the GCPVSs can also be considered a
reliable asset to address the unbalances caused by the large pene-
tration of single-phase GCPVS or as main sources in intentional
islanding operations targeted at reducing power interruptions
in DNs. Therefore, future lines of research will be focused
on addressing several functionalities in combination with the
islanding detection to surmount the upcoming challenges.

6 | CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE
IMPROVEMENTS

This paper reviews the recent islanding detection developments
for GCPVSs. The existing algorithms and the corresponding
highlights are initially recalled and then compared thoroughly.
According to the existing IDMs, it is found that:

* Application of remote schemes with secure performance
is growing due to the development of the communication
infrastructure, e.g. 5G and fast fibre optic. Nevertheless, the
high burden cost is still the main limitation of such IDMs for
small-scale residential GCPVS applications for instance.

* The NDZ has been eminently reduced in the recently
developed passive IDMs, especially those that use pattern
recognition algorithms. The main challenge of such IDMs is
determining the thresholds as they depend highly on the test
system under study and GCPVS characteristics.

* The negative effects in the output PQ have been alleviated
in the recent active IDMs by adapting the current amplitude
of the fundamental frequency instead of injecting a current
signal with either harmonic or subharmonic content. That
said, the destabilisation caused by this injected signal in the
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FIGURE 11

identifying suspicious events through voltage and frequency indices

Non-detection zone reduction of hybrid IDMs by

GCPVS impedes fulfilling a seamless transition to standalone
mode after the islanding condition.

* The hybrid schemes have effectively mitigated the PQ degra-
dation and NDZ. However, the complex structure and large
detection time, e.g. up to 1 s in most cases, are the main
demerits of these IDMs.

* Recent studies have proposed simultaneous LVRT and IDM
[31, 70] but do not consider cases with a negligible power
imbalance. Other approaches have analysed the performance
of a microgrid with both a GCPVS and energy storage sys-
tems to provide voltage support, islanding detection, and load
sharing but missed to consider ancillary services [34].

* It is seen that some schemes proved to be very effective
for IDM, accomplishing a reduced NDZ and robustness
during the non-islanding events. Nevertheless, non-islanding
disturbance events caused by large-scale generation-load
imbalances have not been considered. Indeed, a massive
GCPVS tripping during these events would even aggravate
the situation, leading to higher frequency instability [74].
Based on the analysis provided in Sections 5 and 6, the fol-

lowing insights can be drawn to improve the existing techniques

while meeting the grid codes:

* As the penetration of RESs such as GCPVS in electric power
systems has been increased, they would be required to pro-
vide ancillary services. Therefore, the interaction between
these features and islanding detection should draw more
attention in future studies.

* Several hybrid methodologies employed a voltage-based cti-
terion to identify the suspicious islanding events [58, 62—64].
The NDZ of such IDMs in the hotizontal axis (AP/Ppg)
can be mitigated by selecting a smaller threshold without sig-
nificantly affecting the vertical axis (AQ/Pp,). To overcome
such shortcomings, the frequency criterion can be added
to complement the voltage threshold, developing a multi-
criteria islanding detection approach also covering events
with reactive power imbalance (Figure 11).

* As stated above, some methodologies employing frequency
and/or ROCOF as main vatiables for IDM [44-50] or as

a part of the algorithm thereof, i.e. pattern recognition
techniques [41-43], will need to be reassessed considering
non-islanding frequency events as those displayed in ref. [].

In ordet to meet the IEEE Std. 1547-2018 and UL 1741
requirements such as zero NDZ and acceptable PQ, most VSI
manufacturers combine two or mote techniques; e.g. AFD and
ROCOF [51, 81, 82]. In such techniques, each IDM covers the
shortages of the other algorithm. Therefore, the combination of
the passive and active IDMs can be considered by researchers
for future trends.

Finally, it is worth saying that valuable islanding detec-
tion reviews have been published recently [3—5]. However, by
observing the discussion provided in Sections 40, the novelty
of the present review when compared with the previous ones is
underscored. These two reviews focused on gathering the pre-
viously published ID methods and classifying them according
to the different sub-types. On the contrary, our approach not
only has considered an updated survey of the previously pub-
lished IDMs so far but broadened the scope of these studies by
bringing up their future trends.
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