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Abstract

Islanding detection is a critical issue in grid-connected distributed microgrid systems.
Distributed generation in the current power system has caused many challenges.
Consequently, detecting quick and effective islanding is the most critical issue to minimise
equipment failure, avoid danger, and maintain grid safety. There are vatious techniques
for islanding identification in microgrids. Three classifications have been applied to
categorise these strategies, which are: active, passive, and hybrid. This paper proposes and
demonstrates an efficient and accurate approach to islanding detection based on the
Variance Autocorrelation Function of a Modal Current Envelope (VAMCE) technique.
Demodulation techniques including synchronous real demodulation, square law
demodulation, asynchronous complex square law demodulation, and the quadrature
demodulation technique are employed to detect the envelope of the 3-phase current
signal. The VAMCE methodology is better suited for islanding detection because of its
response to current sensitivity under islanding scenarios but not under normal conditions.
Several simulations under various settings, including normal and islanded scenarios are
used to analyse this method. These simulations have demonstrated different situations,
such as when the system works normally and when it does not. The VAMCE along with
the quadrature demodulation technique outperforms the others. The proposed solution is
not only more accurate but also much faster compared to other methods. The proposed
approach can identify normal and islanded situations in just 0.4 s.
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and generalised load can be blended to reduce dependency on
the main grid [2]. Although distributed generation provides

Renewable energy sources (also referred to as Distributed
Renewable Energy (DER) or Distributed Generating (DG)),
such as solar and wind are connected to the grid and microgrid
(MG) seamlessly to supply power securely and reliably [1]. The
use of DG offers several advantages, including lower carbon
emissions, reduced transmission and distribution line upgrades,
improved voltage profiles, lower losses, greater efficiency, and
increased system stability, leading to cost savings. On the other
hand, different forms of scattered resources, controlled load,

many advantages, there are some drawbacks as well. DG
coupled directly to the main grid has a considerable negative
impact as intermittent distributed resources are weather-
dependent, volatile, and inconsistent, meaning that its power
supply is not constant to maintain voltage and frequency.

In a DG-integrated microgrid, DGs can supply power to
the microgrid until the grid supply becomes available. Without
the primary grid supply, intermittent DGs cannot ensure the
safety and quality of the power supply, which would necessitate
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the implementation of necessary safety procedures [3].
Islanding is the scenario that occurs when the load receives
consistent energy from the DG during a main grid outage. An
instance of islanding is represented by a distribution feeder
connected to a DG-integrated microgrid as depicted in
Figure 1. The figure illustrates a microgrid-based islanding
system, where in the event of a failure that causes the circuit
breaker to trip, the local load that remains may be supplied by
the DG. During islanding, the voltage and frequency in the
isolated region cannot be regulated by the primary grid. When
islanding happens in power systems, workers in the field, sys-
tem equipment, line recovery, and circuit breaker reclosing
procedures are all in danger. Because of this, it is important to
recognise islanding situations very quickly. When islanding
happens, most utilities now need DG to be cut off from the
network as soon as possible [4].

1.1 | Literature review

There are two distinct kinds of islanding: deliberate islanding
and accidental islanding, Intentional islanding happens when
the utility intentionally creates the island so that it can perform
maintenance work. The unintended islanding occurs when
small power plants are cut off from the main electrical network
for a variety of reasons, including bursting lines, defective
equipment, operational error, natural hazards etc., [5]. The
unintentional islanding creates problems, such as bi-directional
energy flow that may place utility workers' lives at tisk. Har-
monic distortion, voltage regulation, and the stability of the
power system are all issues to worry about with reverse power
flow. Deviations from the set level of voltage and frequency
can cause appliances to malfunction.

One of the major challenges in islanding detention is the
detection of islanding quickly and precisely. Islanding detection
is important because it prevents equipment damage, improves
personal safety, and keeps utility operations running. Some
standards and utility codes require protection against the
islanding condition. In addition to offering security, privacy,
and dependability, these codes are responsible for imple-
menting these standards in practice. These standards were
developed by organisations, such as IEEE and IEC and are
regularly updated to account for the growing significance of
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FIGURE 1 Microgrid-based islanding system.

islanding detection in DG-linked grids [6]. An islanded DG
should be detached from the mains within 2 s, as per the usual
recommendations for islands with DG [7].

The various techniques for islanding detection are
addressed in different research studies. Local and remote
islanding detection methods (IDM) are divisions of IDM.
Local approaches are built on measurements of specific fea-
tures or factors on the grid side. These local methods have
been further divided into active and passive methods. Active
approaches typically operate on the premise that an external
signal is fed into the network and that the DG outcomes are
significantly affected by the appearance of an islanding state.
When operating in a grid-connected state, the inserted signal is
not considerably affected, but the system does exhibit an
effective fluctuation when an islanding situation arises [8].
Numerous active approaches, such as Active Frequency
Distortion (AFD) and Sandia Voltage Shifting (SVS) are ana-
lysed in the literature sources cited in refs. [9, 10]. Techniques
such as Sandia Frequency Shifting (SFS) [11, 12] and Slip Mode
Frequency Shifting (SMS), which entail alterations to the phase
of current, are explored in refs. [13, 14]. The literature sources
cited in refs. [15, 16] describe active approaches based on
frequency jump and impedance measurement (IM). Active
techniques are noted for their capability to detect islanding
even when the supply and load are perfectly balanced, which
leads to the creation of a Non-Detection Zone (NDZ).
However, these active methods' main drawback is that, if the
system is handled impropetly, they may have a detrimental
effect on the quality of the power.

In passive techniques, Point of Common Coupling (PCC)
is employed for frequency monitoring, voltage, or power at the
PCC location. To identify instances of islanding, fluctuations in
these factors are tracked. There have been multiple applica-
tions for passive islanding techniques for identification in the
past, including Under/Over Frequency Prevention (U/OFP),
Rate of Change of Output Power (ROCOP), Rate of Change
of Frequency (ROCOF), Total Harmonic Distortion (THD),
phase Jump Detection (PJD), and Under/Over Voltage Pre-
vention (U/OVP) [17]. The authors in ref. [18] propose a
passive islanding method based on (O/UFP) and (O/UVP) to
recognise the islanding condition. Voltage and current are
determined at the PCC in an integrated power system. Voltage
and frequency deviations from average values occur during
islanding. If the measured value crosses the predefined value,
an islanding scenario is detected. The voltage and current at
DG connections are monitored for an abrupt phase jump
using the PJD approach [19].

During islanding, per-phase angle variation is measured
against the current threshold value. In ref. [20], the authors
suggest an IDM for identifying islanding incidents based on
the ROCOF. In an actual scenario, the suggested IDM keeps
an eye on the current and frequency all the time to identify
islanding as it happens. To distinguish between an islanding
scenario and one where there are no islands, threshold values
are used. The objective of the authors in ref. [21] was to
identify trustworthy passive applicants for anti-islanding pro-
tection. ROCOP is used to track the output power (active and
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reactive) at the PCC. The approach takes islanding into account
if the variation rate goes above a certain point. Voltage un-
balance occurs in the islanding mode in ref. [22] as a result of
modifications to the network's architecture and load. There-
fore, if the inconsistency in the 3-phase DG operating voltage
is constantly checked, islanding can be effectively identified
[23]. Preference is given to passive technologies due to their
lower installation requirements and cost. The protective system
can be implemented without extensive modifications, as it is
budget-friendly. Since passive methods do not need to adjust
to perturbations, they are faster than active techniques.

The primary issue with passive strategies is that they have a
very large NDZ. This is because if the gap between load and
supply is negligible, they may be unable to identify an island.
For passive approaches to effectively detect islanding, careful
consideration must also be given to setting appropriate
threshold values [24]. A lower threshold value could result in
unwanted tripping, while higher values could prevent the
identification of islanding conditions. Consequently, the iden-
tification is more prone to errors. To get over these problems,
signal processing-based [25] and intelligent solutions can be
applied. For rapid, accurate, and reliable detection, they are
adjusted by employing intelligent methodologies and modern
signal-processing technologies [26]. Common examples of
intelligent and signal processing-based classifier techniques
include the Wavelet Transform (WT), Time-Time Transform
(TTT) [27], Hilbert Huang Transform (HHT), Fourier Trans-
form (FT), Support Vector Machine (SVM) [28], Artificial
Neural Network (ANN) [29], S-Transform (ST) [30], Fuzzy
Logic (FL) [31] and Decision Tree (DT) [32]. The signal
processing-based IDMs can identify the islanding condition
and other power quality concerns more precisely by leveraging
the extremely distinctive features generated by WT, FT, HHT,
ST, and TTT [33]. They work much better than traditional
systems in terms of accuracy and speed of detection without
lowering the quality of the power.

The remote technique depends on DG and utility
communication. The primary benefits of remote methods
include a minimal NDZ, a high level of reliability, better pet-
formance, and no impact on the quality of power [34]. There
are several disadvantages of the remote technique which
include higher expense, operational complexity, processing
burden on the system, and disturbance in the operation due to
failure in the communication link. Transfer trip schemes [35],
Power Line Carrier Communication (PLCC) [36], and Super-
visory Control and Data Acquisition (SCADA) [37] are all the
most common examples of remote techniques.

1.2 | Contributions

In this research work, we integrate both inverter-based and
synchronous DGs, utilising an innovative passive islanding
identification technique. The technique starts with computing a
3-phase current signal at the PCC, followed by determining the
Modal Current Envelope (MCE) using a range of demodula-
tion methods, including the synchronous real demodulation

method, the asynchronous squate law demodulation method,
the complex square law demodulation method, and the quad-
rature demodulation method. Then, the autocorrelation func-
tion (ACF) is extracted through the envelope signal to
eliminate further harmonics and obtain a significant number of
samples. The generated sample deviation is then utilised as a
metric for islanding detection. This proposed method is sim-
ple, fast, and exhibits a low neutral-to-ground voltage. The
primary contributions of this paper are outlined below:

® The passive approach is proposed, which is based on a
variation in the ACF of the MCE technique.

® The suggested technique uses only the current signal to
recognise the islanding state.

® The method identifies the islanding circumstances with a
smaller NDZ.

e Utilising the suggested technique, the detection time is
greatly improved.

® Standard tests are used to thoroughly assess the system from
all perspectives. It is also compared to other similar systems
in terms of performance.

The remainder of the document is arranged as follows:
Section 2 gives a detailed explanation of the recommended
methodology. In Section 3, simulations and case studies are
used to show how effective the recommended approach is.
Finally, a conclusion and discussion are discussed in Sections 4
and 5.

2 | IMPLEMENTED ISLANDING
DETECTION TECHNIQUES

The paper employs a passive islanding detection method using
the changes in the Variance Autocorrelation Function of the
Modal Current Envelope (VAMCE) for synchronous and
inverter types of DGs. In this approach, the variance in the
Autocorrelation Function (ACF) is used to detect the envelope.
The methodology begins with the computation of the 3-phase
current signal at the PCC, followed by the determination of the
MC envelope using various demodulation methods.

2.1 | Modal current (MC)

A set of multiple data choices that show a certain level of
mutual reliance because they all reflect the same material reality
is known as a modal signal. When attempting to detect the
condition of the islanding in the electric power network, it is
important to recognise that every 3-phase current consists of a
sequence of unbalanced data points. Transforming these cur-
rents into an MC signal leads to a substantial reduction in the
amount of computation time and memory usage required. To
extract the MC indication from a whole data set, the phase
currents are mixed linearly [38].

I =al, + pl, + v (1)
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Here, [ signifies a 3-phase modal cutrent signal. The variables
L, I, and I represent per-phase current measurements. In the
above expression a, ff, and y stand for modal variables. a, f,
and y the modal variables would be chosen as 1, 2, and —3,
respectively. To prevent addition and subtraction between any
two stages, each phase signal is scaled with a different variable.
For every two-phase signal mix, this phase ensures that tran-
sient information is not neutralised [39]. Using this method,
developing states can maintain all necessary transitory data in
the reproduced signals.

The threshold value for the ACF (Autocorrelation Func-
tion) of the modal current (MC) envelope signal is determined
based on the statistical properties of the signal variance. Spe-
cifically, in the balanced condition, the 3-phase current signal
from IIDG-5 (inverter interface DG) is first transformed into
an MC signal. The envelope of this MC signal is then extracted
through quadrature demodulation. The ACF of this envelope
signal is calculated, and its variance is analysed to set a
threshold limit. This threshold is selected to distinguish normal
operating conditions from potential anomalies.

2.2 | Schematics and working principles of
envelope detection techniques

The envelope device combines all the maxima of the received
data that is, a signal envelope is the same as its contour.
Because it does not make use of frequency or the carrier signal,
the envelop detector is a non-coherent device. The following
techniques are employed in this paper to detect the message
signal envelope:

Synchronous real envelope detection
Asynchronous complex square law envelope detection
Square law envelope detection

Quadrature envelope detection

When using a synchronous actual envelope recognition
method, the native carrier signal multiplies the input signal
before sending the output to a low-pass filter (LPF). In the
asynchronous complex square law demodulation method, the
Hilbert transform is used to create the analytical signal of the
input in this envelope detection technique. In an analytical
signal, the Hilbert transformation is the fictitious element,
whereas the original output is the actual part. Hilbert's trans-
formed value is squared and then square-rooted before sending
it to the LPE. With square law demodulation, the input signal is
simply multiplied by itself before being sent to the LPFE. The
quadrature demodulation technique can extract information
from waveforms that are modulated in amplitude, frequency,
or phase. The quadrature demodulation strategy employs two
locally generated carrier signals that are phase-shifted by 90°
from one another.

Then, the LPF receives the input signals and produces two
squared components. The envelope signal is retrieved by
adding these components and then computing the square root
of the sum. To further separate the distorted components, a

large number of samples were generated by deriving ACF from
the envelope signal. Therefore, island recognition is based on a
measute of the generated samples' variability. Hence, the
offered technique is a cost-effective option.

The method was tested using a modified version of the
IEEE-399 standatrdised testing methodology [6]. Detecting
islanding relies partially on signatures in the MC envelope. All
of the 3-phase current transient properties are present in the
MC envelope signal, so it is better to use the MC envelope
signal to find islanding instead of just passive methods. Using
the VAMCE method, under normal operating conditions, the
criterion does not change much, but there is a big difference in
the islanding operating mode.

Figure 2 illustrates the processed diagram for the proposed
VAMCE technique with a synchronous real envelope detection
method. MC output was created from the predicted 3-phase
current signal. Actual envelope recognition is used to
compute the signal's envelope, and ACF with acceptable la-
tency is used to select the significant samples from the enve-
lope signal. At this point, the variability of these specimens is
calculated, and VAMCE is applied as a detection measure.
Figure 3 shows a block schematic of the suggested approach
using an actual envelope identification technique.

Figure 4 displays the process chart for the suggested
VAMCE technology using an asynchronous complex square law
envelope detection method. An MC signal is created from the
predicted 3-phase current signal from PCC. The envelope is then
computed using the complicated square law envelope detecting
method, and the significant samples are subsequently extracted
from the envelope signal using ACF at an appropriate delay. At
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Determining the modal current signal
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Calculate the envelope of the modal current signal with the
“real envelope detection method”
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Determining the ACF of the modal current envelope
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v
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FIGURE 2 Flow chart of proposed VAMCE technique with

synchronous real envelop detection.
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FIGURE 3 Block diagram of the proposed method with treal envelope
detection method.
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FIGURE 4 Flow chart of proposed VAMCE technique with
asynchronous complex square law envelope detection.

this stage, the variability of these specimens is calculated, and
VAMCE is applied as a detection measure. Figure 5 displays a
block schematic of the suggested technique with an asynchro-
nous complex square law envelope detection method.

Figure 6 illustrates a flow chart for the suggested VAMCE
technique using the square law envelope detection method.
The signal at PCC indicates that the anticipated 3-phase cut-
rent is changed into an MC signal. The square-law envelope
recognition technique is used in this procedure to compute the
envelope. Now, the essential samples from the envelope signal
are extracted with the assistance of ACF and a reasonable
amount of delay. At this juncture, VAMCE serves as a detec-
tion measure once the variation of these samples is computed.
Figure 7 demonstrates a block schematic of the suggested
approach using the envelope detection technique of square law.

A flow chart for the proposed VAMCE technique with
quadrature demodulation is shown in Figure 8. An MC output
is created by PCC from the predicted 3-phase current signal.
Currently, the envelope is calculated via quadrature envelope
detection. To extract the relevant samples from the envelope
signal, we first employ ACF with an appropriate latency. Here,

Asynchronous complex
Square law demodulator ACF

Estimation

Modal ; VAMCES |,

signal [L1n| Hilbert Varianc | Lace| (the_low)or |
lcul-

ca.cu e ACF VAMCE > No=0

ation (the_high)

FIGURE 5 Block diagram of the proposed method with asynchronous
complex square law envelope detection method.
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FIGURE 6 Flow chart of proposed VAMCE technique with

square law.
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FIGURE 7 Block diagram of the proposed method with square law
envelope detection method.

we calculate the sample variance and employ VAMCE as a
detection method. Figure 9 shows a block schematic of the
proposed method with quadrature demodulation. A trip signal
is created if the criterion (VAMCE) exceeds the predefined
threshold, which is interpreted as an islanding circumstance.

2.3 | Mathematical expressions of envelope
detection techniques

Detailed equations of the four implemented techniques have
been presented below.
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FIGURE 8 Flow chart of proposed VAMCE technique with
quadrature envelope detection.
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FIGURE 9 Representation of proposed method in block diagram with
quadrature envelope detection method.

2.3.1 | Synchronous real envelope detection
In synchronous real envelope detection, the product is formed
by multiplying the input signal with the local carrier signal.
After multiplication, the output signal is sent to the LPE The
LPF is used in this method to remove the high-frequency in-
formation and to recover the envelope signal.

In synchronous real envelope detection, the two signals are
used.

® Double sideband transmitter carrier (DSB TC) AM signal
can be represented as follows,

DSB,(t) = [(y(2) + C,) cos (2mf;)] (2)

® Local carriers can be represented as follows,

Cje = cos (2mfy1) (3)

whete, C,: Cartier amplitude, #: Time and fc}: Carrier frequency.
When these two signals are fed into the mixer, the output can
be represented as follows:

DSB.Cye

= [(3’(’:) + C,) cos (27r crt) (COS (27r Wt))]

= [y(¢) cos (2mfyt) cos (2mft)]
+ [Cr cos (27!' WZ) cos (27r Cyzf)] (4)

=9(¢) cos? (271’ Wt) + C, cos? (27r C,t))

= () + C,] cos” (2mfyt)

(14 cos (260

By using the formula > ) Eq. (4) becomes:

=i + ¢ ekt
_ % () + C,) [cos (4afyt + 1)] (5)

1 1
=500 +C) +70() + C) cos (4mfyt)
In Eq. (8) %(y(t) + C,) cos (47r C,t) is the high-energy part;
hence, the original message signal remains after the high-
frequency portion is removed by passing through the LPE.

Y() =500 +C) (©

This § (y(t) + C,) is the demodulated signal.

The phase angle should be considered if there is any angle
between the original signal and the local carrier. It is assumed
that the phase difference is ¢ and the local carrier becomes
cos (271' C,t) +¢. When DSB,. signal is multiplied with

cos (271' C7t) + ¢, the output can be represented as follows:

= [(J’(t) + C,) cos (27r Cyt)] cos (271']{“,1:) +¢
(7)
=) +C)) [(cos (27r C,t)) (cos (27r C,t) + QS)]

From the trigonometric function formula that is,

cos a cos f =1/2[cos(a + ) + cos(a — )], by using this
transformation Eq. (7) becomes,

— (8) + C) % [cos (2mfyt + 2mfyt + )

+ cos (27rcrt — 2Tt — 4’))]

[cos (27r]fyt + ¢) + cos (¢)]

N =

=00 +C)
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= %(y(t) + C,) cos (4mfot + @) + % (o(2)
+C;) cos(¢)

(®)

In Eq (8, 1((t)+C,)cos(4mfyt +¢) is the high-
frequency part, which is eliminated from LPF and low-
frequency component is left that is, 1 (y(¢) + C;) cos(¢)

Y () =5 00) + C) cos() )

This is the demodulated signal which is scaled by cos(¢). So
phase difference is not eliminated in this case.

2.3.2 | Asynchronous complex squate law
envelope detection

This envelope detection method first creates the input's analyt-
ical signal using the Hilbert transform. An analytical signal's
original signal is its genuine component; the Hilbert transform of
the actual signal is its imaginary portion. The Hilbert transform,
which would be performed by an FIR filter, will add a delay of
half the filter size; hence, it is essential to delay the input signal.
After this, the output of the Hilbert transform generates two
components that are squared with themselves, and in addition, to
counter the effects of squaring the signal, which leads to
distortion, the output signal is square-rooted and then processed
by an LPF to eliminate any high-frequency components. Finally,
the envelope signal is recovered.

The output of the DSB TC signal after passing through the
Hilbert transform can be indicated as follows:

b (1) = h(t) +h(2) (10)

where, b, (£) is the pre envelope signal, h(z) = y(t) cos (2fyz)
is the DSB TC signal and the Hilbert transform of h(t)
is h(t) = y(¢)sin (27r]fv,t) .

After squaring of (b (t))z is defined as follows:

(b4 (2)%) =(y(t) + Ac)’ cos? (2mfrt)

2 (11)
+ ((2) + Ac)*sin? (2mfot)

Then take the square root of Eq. (11). The output is defined as
follows:

= \/y(t) + Ac)? cos? (2fyt) + ((2) + Ac)’sin? (27ft)

= \/(y(t) +C,)’ [cos? (2mfyt) + sin? (2mft)] (12)

From the function formula that is,

cos? @ + sin? f =1, by using this transformation Eq. (12)

trigonometric

becomes,

— /o +c)
hilt) = 5(1) + C))

Eq. (13) represents the demodulated signal.

2.3.3 | Square law envelope detection

The signal that is input is squared with itself in the square law
method before the output is transmitted to the LPF. After that,
an LPF filter is used to eliminate the high-energy signal. Finally,
all that is left is the signal envelope.

In AM communication, a frequency cartier C, cos 2 @t
of amplitude A is broadcast in addition to the modulated
signal y(t)cos 2 Tf,t, eliminating the requirement for the
receiver to produce the carrier. As a result, the receiver is
easier to use and less expensive. DSB TC signals are used in
this system.

® Double sideband transmitter carrier (DSB TC) AM signal
DSB,(t) = (y(t) + C,) cos (2mft) (14)

The output of the square law module is defined as follows:

= [(9(2) + C;)cos (2= Crt)]z
(15)
= (@) + Cr)zcos2 (27r]€rt)

By using the formula (1-5-#25(26)) Eq. (15) becomes:

_ % (0 + C,)? [cos (dnfot) + 1]
) . (16)
=5 (y(r) + Cr)z + 5 (y(e) + Cr)z cos (47r]{v,t)

In Eq. (16) %(y(t) + C,)Z cos (471' crt) is the high-frequency
part, which a low pass filter can be used to remove and just
1

the low-frequency part z(y(t)—FC,)z is left. The low-

frequency component's square root is as follows:

= /300 +C)

1
V2

The Y(T) in Eq. (17) represents the signal which is
demodulated and is identical to the initial information
signal.

Y(T) = —=@@) +C)°Y ¢
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234 | Quadrature envelope detection
In quadrature demodulation, two local oscillator-generated
carrier signals are used. Both carrier signals are multiplied by
the input, one in the lower channel and the other with a 90°
phase shift in the upper channel. Low-pass filters are necessary
due to the similarity of the quadrature multiplier used in the
receiver to a typical AM demodulator, which leads to a carrier
frequency shift. The high-frequency components are removed
by transmitting the signals to an LPE. The input, after being
filtered, is separated into two parts: the in-phase part (p(z))
and the quadrature part (7(¢)), which retain the original
amplitude and phase information of the input. The two signals
are amplified by a factor of 10 to retain half of the initial en-
ergy. The output is then square-rooted to eliminate any
distortion and retrieve the envelope signal.

In amplitude modulation (AM) transmission, the original
signal is altered and transmitted together with amplitude A and a
high-frequency carrier signal. This process utilises two signals.

® Tocal carrier Cy. can be represented as follows:

cos (2mfyt) (18)
and

sin (2mfyt) (19)

® Double sideband transmitter carrier (DSB TC) AM signal
can be represented as follows:

DSB..(t) = (y(2) + C,) cos (2f,t) (20)

whete, C,: Cartier amplitude, #: Time and jfr: Carrier frequency.

In DSB-TC amplitude modulation, the sin (27r Crt) and
cos (271' cyt) are multiplied with the input signal. Considering
the phase difference, the local carriers are transformed to
sin (27r]fv,t + 45) and cos (27r]fv,t + 45) . After the multiplication
of cos (27r]€,t + 45) with the DSB-TC, the output of the upper

mixer will be represented as follows:
DSB,.cos (2mfyt + ¢)
= [((2) + C;) cos (2mft)] cos (2mfet + ) (21)
= (y(t) + C,) [cos (2mfrt) cos (2mfet + )]
From the trigonometric function formula that i,

cos a cos f = 1/2[cos(a + ) + cos(a — p)], by using this
transformation Eq. (7) becomes,

=) +C)) [(cos (27rfc}t + (27rfc}t + (15))

N —

22)
+ (cos (271' frt — (27T erl — ¢))]

After solving Eq. (4)
= 0(0) + C) 5 [cos (4mht + 9) + cos ()]
=200+ C) cos(4f+9) +500) )
+C) cos(9)

The output of the lower mixet, when AM signal DSB,.
multiplied with sin (27ch}t + d)) , is given as follows:

DSB.sin (2mfyt + @)
= [((t) + C;) cos (2mfyt)] sin (2mfot + ) (24)
= (y(t) + C,) [cos (2mfy2) sin (2mft + @)]
From the trigonometric function formula that is,

cos asin f=1/2[sin(a + ) — sin(a — f)], by using this
transformation Eq. (24) becomes,

=) +C) % [sin (2mfst + ¢ + 27fyt)
(25)
+ sin (27r ot — ¢ — 2m, Crt)}
After solving Eq. (25)
=)+ C,)) % [sin (4mfst + ) + sin ()]
L0 +Csinlanf+ 9) +o 00 (20

+ C,) sin(¢)

The high-frequency parts present in Eqs. (23) and (26) are
removed by passing the signal through an LPF, which results in
obtaining the in-phase component S§(#) and quadrature
component R(¢). The high frequency component is repre-
sented by the expression %(y(t) + C,) cos (47r]€rt + d))

and 1(y(t) + C,) sin (4mft + @) .

(1) + C;) cos(9) (27)

T(1) =5 0(@) + C) sin(9) (28)

By finding the magnitude of the in-phase current $(¢) and
quadrature component R(t), the original signal can be
recovered.

[P2(t) + (1)) (29)
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By putting the values of P(¢) and T(z), Eq. (29) becomes,

=E@@+cfw#wwéow+0¥mﬂ@r
(30)
ZVHWHQY@ﬁ@+mW4

From the trigonometric function formula that is,
cos® a + sin? f =1, by using this transformation Eq. (30)

becomes,
=¢E@m+cfﬂ

Y(T) =5 0()+C))

Once the phase difference (¢) is subtracted out, the
demodulated output is the message signal y(¢) itself.

2.4 | Autocorrelation function

For islanding identification, the ACF of the envelope's result is
the suggested criterion. Autocorrelation is a numerical method
of obtaining signal data as a delayed variation. In simple terms,
autocorrelation looks for a pulse that is similar to itself after a
certain amount of time has passed. When discussing relatively
short sequences, autocorrelation is frequently demonstrated in
terms of constrained limitations over summing. For K samples,
the following is the correlation among various model param-
eters, divided by their delays. The output sample variation will
be used as an islanding recognition criterion.

K — %) (4 — %
G = Z]‘=1 (3 — %) ( -+ ) (32)

Zszl (x]- - ’E>2

— ZK:1 (%)
X = (33)

The signal value at the jth sample is represented by x;.
Average is represented by X. The autocorrelation of output at
delay / for the time series data x; is called G, and it generally
lies between —1 and +1.

3 | SIMULATION RESULTS

The proposed model is validated by a series of simulations to
prove its worth. Many scenatios of balanced and unbalanced
loads are simulated to test the islanding functionality. The
IEEE 929-1988 standard states that the MG must be
disconnected as soon as a network is islanded [40]. The IEEE

1547-2003 [41, 42], IEEE 929-2000, and IEC-62116 standards
provide a maximum delay of 2 s in the event of low-level faults.
However, the VAMCE decision criteria for islanding detection
is the maximum delay of 2 s. The proposed method was
applied to the IEEE 399 distribution network, with modifi-
cations made to accommodate the decentralised nature of
microgrids (MGs) [6].

The test system, seen in Figure 10, is a one-line schematic
of the system under study. To evaluate the effectiveness of the
proposed method, MATLAB/Simulink simulations wete pet-
formed. It was constructed with 5 MGs, and the main grid had
a power component ratio of 7 X/R and a 500 MVA short-
circuit limit. Both of the 25-high-voltage distributions in the
test system wete connected to the main grid via a 120/25 MVA
(phase-to-phase) step-down converter. The ring distributors of
the framework were wired to loads L1-L6. There were six RL
branches carrying loads from L1 to L6, with L5 serving as a 3-
phase source. There is one 3 MW inverter interface DG
(IIDG-5) and one 4 MVA synchronous generator (SG-3)
connected to the network via distributor F-2.

Test system parameters are shown in Table 1. A synchro-
nous generator (SG-1) with a 4 MVA rating is linked to an
inverter interface (IIDG-1) with a 3 MW rating on F-3. One 4-
MVA synchronous generator (SG-2) is placed in F1's distrib-
utor. Each IIDG system has a built-in voltage regulator.
Opening the switch near their respective producing units will
allow SG-1 connected to the first bus and IIDG-5 connected

Main grid
500 MVA
120/25 X/R=7
20 MVA

|
|
|
|
|
|
|
IIDG1 l
|
|
|
|

Microgrid-1 0.00375+j0.1

[T TR S S S S e e = 1
| 81 |
| pec 13.8KV |
I __________ DL-2 FL I
et e Microgrid-3 I
| Microgrid-5 r |
' s |
| L- - |
| I
| | microgrid-2 = |
| = B-6 |
| |
| |
| I
| I
I I
| I
| I

FIGURE 10 Representation of test system using single line diagram.

TABLE 1 Parameters of test system.

Quantity name Value
Voltage rating 13.80 kV
IIDG-5 minimum power 40 MVA
IIDG-1 minimum power 3.0 MW
Sampling frequency 3600.0 Hz
Nominal DC bus voltage 500.0 V
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to the fourth bus to experience several frequent islanding
scenarios. Simulations were performed to examine the island-
ing scenarios, yet only a limited number of accurate results are
displayed in the subsequent sections.

3.1 | Case 1: Synchronous real envelope
detection

3.1.1 | Balanced condition for generation and
load

For each island identification technique, it is found that the
generating and distributing load phases have the least adverse
consequences. The goal of this study is to demonstrate that, in
certain circumstances, this approach is successful in locating
islanding, A load L-2 as shown in Figure 10, of 4 MVA is
imposed during testing to evaluate the balanced state in MG-2.
In the suggested method, the 3-phase current signal from SG-1
shown in Figure 10 is used and transformed into an MC signal.
Figures 11 and 12 show the simulated 3-phase current and MC
signals, respectively. Subsequently, the MC signal envelope is
established by simultancous real demodulation. Limits are
established when the ACF of the signal has been determined;
this provides a variance sample. In this scenario, CB-2 in
Figure 10 is unlocked, and the switching transition stage is 0.7 s
long, with a delay of a few milliseconds to represent an
islanding condition. The switching of circuit breakers depends
upon the variance sample of ACE. In balanced conditions for

T

T

|||[——3-Phase Current (p.u):1
——3-Phase Current (p.u):2
.u):3

S8 8
- W

3-Phase Current (|

0
-0.1
-0.2
03

-Phase Current (p.u)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in Seconds

FIGURE 11 Case 1: Current signals in 3-phase generation and load
balance condition.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in Seconds

FIGURE 12 Case 1: MC signal in generation and load balanced
condition.

generation and load, the output power remains the same after
tripping. The VAMCE output with tripped in this islanding
state is depicted in Figure 13.

3.1.2 | Unbalanced condition for generation and
load

In this scenario, a load 1.-2 of approximately 4 MVA is applied
to MG-2 to examine the generation and load imbalance. The 3-
phase current signal from SG1 is utilised in the proposed
method and converted into a modulated carrier signal. The
simulated results of 3-phase current and MC signals in an
imbalanced state are presented in Figures 14 and 15, respec-
tively. The MC envelope of a signal is found using the Syn-

chronous  Actual Envelope Demodulation  process.
4 - ;
rip Signhl “ [ VAMCE]
53 ‘
=
20
w2
w2
2
<1
S ‘\
|
0 I I |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in Seconds

FIGURE 13 Case 1: VAMCE with trip signal in generation and load
balanced condition.

-
i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time in Seconds

FIGURE 14 Case 1: 3-phase current signal in generation and load
unbalanced condition.
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FIGURE 15 Case 1: MC signal in generation and load unbalanced
condition.
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Subsequently, Following the computation of the signal's ACF, a
variance sampling and an acceptable threshold limitation are
established. A scenario of islanding is simulated by opening
CB-2 for 0.7 s with a delay of several milliseconds, and the
resulting VAMCE signal with tripping is depicted in Figure 16.
In unbalanced conditions for load and generation, the output
power slightly changes after the tripping.

3.2 | Case 2: Asynchronous complex square
law envelope detection

321 |
load

Balanced condition for generation and

The goal of this study is to show that the suggested method
performs better in these situations to detect islanding, During
the testing process, a load L-2 shown in Figure 10 of about 4
MVA is applied to observe the balanced condition in MG-2. In
the proposed method, SG-1's 3-phase current signal is utilised
and transformed into an MC signal. Simulation results of the 3-
phase current signal and MC signal are seen in Figures 17 and
18, respectively. Then the MC envelope of the MC signal is
found by asynchronous complex square law envelope detec-
tion. Then, After determining the signal's ACF, which pro-
duces an irregular sample, the threshold limitation is
established. CB-2 in Figure 10 is open for simulating an
islanding condition in this circumstance, with the switching
transition stage of 0.6 s with a delay of about a few

6

5F — B

Trip Signal —— VAMCE Signal

Ear
20
@
=3
s

2l
«
>

1

0

1 ! L L i 1 I L I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time in Seconds

FIGURE 16 Case 1: VAMCE with trip signal in generation and load
unbalanced condition.
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A

3-Phase Current(p.u)

FIGURE 17 Case 2: 3-phase current signal in generation and load
balanced condition.

milliseconds. Figure 19 shows the VAMCE signal with tripping
during this islanding condition.

3.22 | Unbalanced condition for generation and
load

In this scenatio, a load L-2 of about 4 MVA (see Figure 10) is
applied to observe the generation and load unbalanced con-
ditions in MG-2. In the proposed method, SG-1's 3-phase
current signal (see Figure 10) is utilised and transformed into
an MC signal. Simulation results of the 3-phase current signal
and the associated MC signal in an imbalanced state are dis-
played in Figures 20 and 21, respectively. The MC envelope of
the MC signal is then calculated through asynchronous com-
plex square law envelope detection. Next, the autocorrelation

151

——MC Signal

0.5

0.5F

Modal Current Signal
>

-1.51 “

| . | |
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
Time in Seconds

FIGURE 18 Case 2: MC signal in generation and load balanced
condition.
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VAMCE Signal
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FIGURE 19 Case 2: VAMCE with trip signal in generation and load
balanced condition.
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FIGURE 20 Case 2: 3-phase curtrent signal in generation and load
unbalanced condition.
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of the signal is determined, providing a sample of the variance,
and a threshold limit is established. CB-2 was enabled for 0.6 s
adding a few milliseconds of delay to mimic islanding.
Figure 22 displays the VAMCE signal while tripping in this
state of islanding;

3.3 | Case 3: Square law envelope detection
3.3.1 | Balanced condition for generation and
load

The IIDG5 MC signal and 3-phase current simulation resulting
in a load-generation balanced condition for MG-4 are presented
in Figures 23 and 24. To observe the balanced condition of MG-

—
wn

1 j_]\_/lg_siénal

. ® =
I 173 (—] W
—

Modal Currenr Signal

'
—
2]
T
I

4, a load of approximately 3 MW was applied to L-4 during the
testing phase. Although there may be slight changes in the signal
as a result of the balanced condition, an NDZ is anticipated for
passive systems. The simulation for the VAMCE approach along
with the islanding detection trip signal for IIDG5 is demon-
strated in Figure 25. The CB-4 was opened with a switch tran-
sition period of 0.5 s to establish an islanding state.

3.3.2 | Unbalanced condition for generation and
load

For the load-generation mismatch scenario, MG-4 was used.
The linked load in MG-4 exceeds IIDG-5's capacity re-
strictions as shown in Figures 26 and 27. The cutrent
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FIGURE 21 Case 2: MC signal in generation and load unbalanced
condition.

T T

s 1| )

o
T

VAMCE Signal
N - =)

<

I L L I L L L I I

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Time in Seconds

FIGURE 22 Case 2: VAMCE with trip signal in generation and load
unbalanced condition.
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FIGURE 23 Case 3: 3-phase current signal in generation and load
balanced condition.
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FIGURE 24 Case 3: MC signal in generation and load balanced
condition.
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FIGURE 25 Case 3: VAMCE with trip signal in generation and load
balanced condition.

T T T =
—3-Phase Current (p.u):1
3-Phase Current (p.u):2
I —3-Phase Current (p.u):3

=)
-~
T

3-Phase Current (p.u)
o
o

0.4- I | L L I L -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time in Seconds

-

FIGURE 26 Case 3: 3-phase current signal in generation and load
unbalanced condition.
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FIGURE 27 Case 3: MC signal in generation and load unbalanced
condition.
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FIGURE 28 Case 3: VAMCE with trip signal in generation and load
unbalanced condition.

indication on the DG terminal noticeably changes when
islanding occurs because there is an abrupt change in the DG
loads in MG-4. The VAMCE trip indication during the
islanding incident is shown in Figure 28. To simulate islanding
in this instance, the CB-4 was unlocked at 0.5 s.

3.4 | Case 4: Quadrature envelope detection
3.4.1 | Balanced condition for generation and
load

MG-4 (as shown in Figure 10) is subjected to a load of roughly
3 MW during testing in order to evaluate the balanced state. The
fluctuation in the current signal is minimal under balanced
conditions, leading to the assumption of an NDZ in passive
systems. However, the proposed method effectively addressed
this issue. The 3-phase current signal from IIDG5 was trans-
formed into an MC signal using the proposed approach. The
simulated results of the 3-phase current signal and MC signal are
depicted in Figures 29 and 30, respectively. The MC envelope of
the MC signal is determined through quadrature demodulation,
and the ACF has been calculated to determine the signal's vari-
ance and set the threshold limit. The switching transition stage is
set to 0.4 s, with a few milliseconds of delay, enabling CB-4 to
simulate an islanding condition. The results, as shown in
Figure 31, demonstrate that the VAMCE signal exhibits a
considerable range of variability during this islanding scenario.
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FIGURE 29 Case 4: 3-phase current signal in generation and load
balanced condition.
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FIGURE 30 Case 4 MC signal in generation and load balanced
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FIGURE 31 Case 4 VAMCE with trip signal in generation and load
balanced condition.

3.42 |
load

Unbalanced condition for generation and

During the assessment of the unbalanced condition in MG-4, a
load of approximately 3 MW (as depicted in Figure 10) is
applied to L-4. The 3-phase current signal from IIDGS5 is
utilised in the proposed method and transformed into an MC
signal. The 3-phase current signal and MC signal simulation
outcomes in the imbalanced state can be seen in Figures 32 and
33, respectively. The MC envelope of the MC signal is then
extracted through quadrature demodulation. Subsequently, to
determine the threshold limit and produce an error sample, the
ACEF of the signal is computed. CB-4 is released for 0.4 s with
an additional delay to mimic islanding.

Figure 34 displays the VAMCE signal during tripping during
this islanding case. The outcomes of this proposed method
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FIGURE 34 Case 4 VAMCE with trip signal in generation and load
unbalanced condition.

demonstrate improved performance for different islanding
scenarios and accurately identify the islanding at 0.4 s as
compared to other envelope detection methods.

4 | DISCUSSION

The performance of some other techniques used in the literature
has been compared with the results obtained in this paper. Other
methods used in the literature are based on the ROCOF, O/
UVP, O/UFP, and ROCOP. (2) The ROCOF (Rate of Change of
Frequency) technique has a small NDZ and a detection time of
0.5 s. It does not impact power quality, is easy to implement, and
is responsive to load switching. (b) The O/UVP (Undetr/Over
Voltage Prevention) and O/UFP (Under/Over Frequency
Prevention) techniques have large NDZ and a detection time of

0.2 s. It has no impact on power quality, and the disadvantage is
the large NDZ. (c) The ROCOP (Rate of Change of Power)
technique has a smaller NDZ than the OUVP/OUFP technique
and its detection time is 24—26 milliseconds. It has no impact on
power quality and is easy to implement. The disadvantage is that
it fails to detect islanding when it is under a balanced load. Our
proposed technique is also compated with passive islanding
detection based on autocorrelation function on MC envelope
signal for photovoltaic units. In ref. [43], the MC envelope signal
is derived from the Hilbert transform and the duration needed to
detect islanding is approximately 2—-3 power frequency cycles,
and the detection time is 0.5 s.

This paper uses the VAMCE technique to detect the
islanding condition. This technique first monitors the current
signal and transforms it into an MC signal. After this, The MC
current signal's envelope is identified through the application
of a demodulation technique. The performance of the four
methods implemented in this paper is compared below, (a) The
first case used for demodulation is synchronous real envelope
detection, and the islanding detection time of this technique is
0.7 s. The drawback is that the difference in phase remains
present in this instance. (b) The second case used for
demodulation is the asynchronous complex square law
method, and the identification duration of this technique to
detect islanding is 0.6 s. (c) The third case used for demodu-
lation is the square law method, and the detection time of this
technique to detect islanding is 0.5 s. This technique is simple,
but it can only demodulate low-level AM waves. (d) The fourth
case used for demodulation is the quadrature demodulation
method, and the detection duration of this technique to detect
islanding is 0.4 s.

Hence, among all of the considered methods, the quadra-
ture demodulation method quickly and precisely detects
islanding conditions. The primary benefit of this approach is
that, in this instance, the phase mismatch is erased.

The proposed VAMCE technique has a small NDZ and a
few cycles of detection time. As discussed eatlier, according to
IEEE 1547-2003 [41, 42], IEEE 929-2000, and IEC-62116
standards, the maximum islanding time must not be more than
2 s. Here, the VAMCE technique along with the quadrature
demodulation method quickly and precisely detects islanding
conditionsin just 0.4 s. When the islanding is detected, it operates
protection relays which quickly activate circuit breakers and
isolate the faulty microgrid from the healthy one. This rapid
action ensures that the circuit breakers trip within islanding
clearing time which in turn reduces the risk to equipment and
improves power systems reliability. This method meets all
practical requitements and additionally enhances the reliability
and performance of islanding detection in distributed microgrid
systems. It has high accuracy and reasonable speed of islanding
detection under all conditions. It is also cost-effective; however,
the implementation complexity is a bit high.

Table 2 shows the comparison of different demodulation
techniques and their detection times. As can be seen from the
table, the detection time is reduced from 0.7 to 0.4 s from
synchronous real envelop detection to quadrature envelope
detection, while the accuracy is increased from 50% to 98%.
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TABLE 2 Comparison of different demodulation techniques.

Detection Accuracy

Demodulation methods time (s) (%)

Synchronous real envelope detection 0.70 50
Asynchronous complex square law envelope 0.60 85
detection

Square law envelope detection 0.50 90
Quadrature envelope detection 0.40 98

5 | CONCLUSIONS

This research offers an efficient passive islanding detection
methodology that calculates the current signal at the PCC using
the VAMCE technique. The method calculates the envelope of
the signal using synchronous real demodulation, asynchronous
complex square law demodulation, square law demodulation,
and quadrature demodulation. Subsequently, it calculates the MC
envelope signal's autocorrelation function, generating many
samples. The VAMCE method can differentiate between
islanding and non-islanding situations based on these samples.
The efficacy of the suggested approach is illustrated by simula-
tions conducted under various islanding and normal operational
situations. The results reveal that the quadrature demodulation
technique has high accuracy in detecting islanding conditions
promptly, with a detection time of only 0.4 s and a low rate of
NDZ. The system can be further improved in the future through
the use of advanced artificial intelligence-based techniques to
reduce detection time and NDZ.
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NOMENCLATURE
a, By Modal variables
X Average

D Phase difference

ACF Auto correlation function

AFD Active frequency drift

ANN Artificial neural network

C, Carrier Amplitude

Cie Local cartier signal

CSI Current source inverter

DSB—TC Double side band transmitter carrier
DSB,. Double side band transmitter carrier
for Carrier frequency

FT Fourier transform

g Autocorrelation output

HHT Hilbert hang transform

I 3-phase modal current signal

1,11, Pre-phase current measurements
IDM:s Islanding detection methods

IIDG Inverter interface distributed generator
LPF Low pass filter

MC Modal current

MG Microgtrid

NDZ Non detection zone

P@) In-phase component

PCC Point of common coupling

PID Phase jump detection

PLC Power line carrier communication
PLCC Power line carrier communication
PNN Probalistic neural network

ROCOF  Rate of change of frequency

ROCOP  Rate of change of output Power

SCADA  Supetvisory control and data aquisition

SES Sandia frequency shift

SMS Slip mode frequency shift

SMS Slip mode frequency shifting

SNR Signal to noise ratio

ST Stockwell transform

SVM Support vector machine

T() Qadrature component

t Time

THD Total harmonic distortion

TTT Time-time transform

VAMCE  Variance in auto correlation function of modal
current

VsC Voltage source converter

vu Voltage unbalance

wPT Wavelet packet transform

wT Wavelet transform

x; jth sample signal value
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