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Abstract

Issues regarding safety, circuit breaker reclosing, power quality, and reg-
ulatory compliance are identified when islanding is to be detected in a
microgrid. In this paper, a novel communication-based, passive islanding
detection method (IDM) is proposed to identify islanding in a microgrid to
address these issues. This proposed method is based on correlation using
the impedance measurement at the point of common coupling (PCC) and
distributed generation (DG). The methodology is validated on a modified
IEEE-13 bus system through a Phasor Measurement Unit (PMU) with a set
threshold to discriminate between islanding and non-islanding events. The
benefits of this proposed method are fast and accurate islanding detection.
This IDM can tackle all the concerns regarding islanding detection in the
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cases of active power mismatch (APM), reactive power mismatch (RPM),
DG disconnection with the presence of noise, unbalanced loads, irradiance
change, weak and/or strong grid without providing any false signal as per
IEEE UL1741 and IEEE STD. 929-2000. The authentication of the proposed
scheme is also carried out for non-islanding events such as altered faults,
non-linear loads, load switching, capacitor and inductor switching, feeder
disconnection, and motor swapping, where all tests endorse the applicability
of the proposed technique. The proposed methodology is validated both with
simulation and Opal-RT laboratory results.

Keywords: Microgrid islanding, zero power mismatch, active power mis-
match, reactive power mismatch, NDZ.

1 Introduction

Countries worldwide have been introducing new policies aimed at mitigating
climate change impacts and reducing carbon emissions [1]. Many of these
interventions focus on deploying more sustainable power systems to supply
electricity on a large scale and introducing new technologies powered by
renewable DG. The implementation of a microgrid system has changed the
structure of the typical radial distributor network to become a multiple-source
system and has challenged traditional protection patterns to verify islanding
in a microgrid environment using typical IDMs. A larger number of DGs
in the system creates more complexity and challenges regarding operational
problems, security, and safety. Unintentional islanding in the system poses a
significant risk to DGs since it can lead to issues with grid synchronization,
power quality, inverter management, and maintenance [2, 3]. The microgrid’s
security may be in jeopardy due to unplanned islanding. To guarantee the
security of individuals and equipment, accidental islanding is not desired.
As a result, one of the primary issues with the microgrid’s regular operation
is islanding detection. According to IEEE STD 1547-2 2018 [4], islanding
must be identified within two seconds, with the operating voltage allowable
at the PCC being within 88% and 110% of the nominal voltage. Due to
the abovementioned circumstances, it is necessary to identify the islanding
state and develop an islanding detection algorithm that can distinguish among
non-islanding scenarios.

Islanding detection algorithms can be broadly classified into local and
remote techniques. Active, passive, and hybrid approaches are further divi-
sions of local Islanding Detection Techniques (IDTs). To implement the
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remote IDTs, a specific message between the grid, DGs, and substations is
used. Technologies such as SCADA [5], direct transfer trip [6], and power
line signaling [7] are examples of communication-based techniques used for
security and the observation of power quality.

The variance between the weighted major element analysis of the parame-
ters is calculated using synchronized data [8]. This approach uses Q-statistics
in conjunction with multi-resolution Teaser Kaiser Operator (TKO) to detect
islanding. The use of PMU for communication in microgrids is covered in [9].
In this, the data is gathered and processed by a phasor data concentrator and
utilized for protection, control, and monitoring of the system.

A wavelet transform signal is utilized by the power distribution system’s
feeder to the DG terminal via the power line signaling [10]. If the DG terminal
detects no signal, a non-islanding event is taking place. These systems have
a very small non-detection zone (NDZ), but they are quite expensive to build
and need fast processing to obtain the best accuracy. The product of adaptive
gain, slip frequency, and the square of PCC voltage (in pu) yields this injected
reactive power. The islanding detection time in this instance is 0.24 s. To
detect islanding, a continuous high-frequency voltage is pumped into the
master inverter in [11], which is the method used for parallel-connected
DGs. If the current master inverter fails, this plan chooses a replacement
and continues to work. To deal with total harmonic distortion (THD) and
computational complexity, however, high-frequency signal availability and
the slave-to-master inverter conversion are also necessary. To alleviate the
mutual influence of THD on inverters, high-frequency transients are injected
as a perturbation for multi-DG systems that use high-frequency impedance
measurement to identify islanding [12]. These techniques, however, do not
work well in scenarios with variable impedance. The primary benefit of
the Active IDTs is their low NDZ. For active approaches, general issues,
including instability, false tripping, and a decrease in power quality should
be addressed and remedied.

Passive approaches in the local context rely on measuring parameters
or indices such as voltage, current, impedance, frequency, and THD to
detect islanding events. By comparing these measurements against predefined
thresholds, detection methods can be employed to identify when islanding
occurs. The rate of change of frequency (ROCOF) [13], over/under volt-
age [14], phase angle drift [15], vector surge relay [16], monitoring of reverse
power [17], rate of change of reactive power [18], superimposed negative
sequence [19], and other various techniques for islanding event detection are
mentioned in the literature. These IDTs do not affect power quality, are faster
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to implement, and simpler to use. The major problem with these schemes is
the large NDZ.

Utilizing PMU technology, islanding detection proves to be reliable,
precise, and swift across diverse loading conditions. Data collected from
synchronized measurements at various PMU locations undergo processing to
enact algorithms addressing monitoring and protection concerns. Typically,
the data transfer rate via PMU ranges from 60 to 120 frames/second [20]. An
active communication-based IDT hinges on drifting slip frequency, delivering
islanding event information post the injection of a reactive power distur-
bance — a product of slip frequency, adaptive gain, and the square of PCC volt-
age (in pu) in the system [21]. However, this IDT lacks testing for fault cases.
Islanding event identification entails Pearson’s correlation between cumula-
tive differences in frequency and phase angle parameters [22]. Assessing the
impact of fault resistance is also imperative for such a scheme. The advent
of distribution-level PMUs has notably enhanced the accuracy of islanding
detection, leveraging sequence component angles processed by distributed
PMUs [23]. While theoretically conceivable to program all plausible line
contingency combinations for islanding detection, practical implementation
faces feasibility constraints. System topology modeling approaches [24] may
encounter challenges in appropriately detecting islanding due to PMU avail-
ability limitations. In [25], a communication-based technique is employed to
identify islanding using PCC- and DG-end angle information. However, the
index based on this angle fails in fault scenarios under zero power mismatch
(ZPM) conditions.

By combining the aforementioned strategies and extracting certain
aspects from the parameters, NDZ can be minimized in passive ways. By
driving the PCC voltage above its allowable limit for a longer period, the
feedback mechanism system underpins the passive IDT’s one-cycle regula-
tion of a single-phase inverter. It assists in disconnecting the inverter and
turns on the under-voltage/over-voltage (UV/OV) [26]. It is only tested in
the situation of single-phase inverters, though. The information on island-
ing detection is provided in [27] as the difference between the measured
impedance at the PCC and the frequency-dependent impedance. This method
is not validated for signal-to-noise (SNR) ratio and is not effective in high-
impedance variable scenarios. If an upper or lower limit is violated by a
sensitivity index that is based on frequency changes in response to changes
in reactive power, islanding is indicated [28]. To identify islanding, [29] uses
an index that is based on a model modification of the input voltage. In [30],
an empirical mode decomposition of the voltage signal using a time-varying
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filter is covered. To identify islanding, the deconstructed signal’s TEO is
utilized. Nevertheless, the fixed set barrier for fault resistance above 32
affects efficacy.

For islanding detection, passive techniques are preferred because of their
ease of use, affordability, and speed. To improve speed and accuracy, this
paper presents a passive IDT that corrects impedance at the DG location
and PCC. Using a sample frequency of 1 kHz, positive sequence voltage
and current are detected at the PCC and DG junctions. These data are used
to calculate the correlation, which is considered an index of the proposed
method. This correlation index is further compared with a set threshold that
confirms whether the system is in islanding or non-islanding mode. This
paper’s primary goal is to develop a passive islanding technique for quicker
and better reaction in ZPM conditions. The anticipated IDM is confirmed
for different islanding situations, such as APM, RPM, quality factor (QF),
irradiance change, induction motor switching, unbalanced load, etc., and
different non-islanding situations, such as faults, load switching, capacitor
and inductor switching, feeder disconnection, and non-linear load switch-
ing cases. The suggested IDT is tested with the IEEE 1547 and UL 1741
standards.

The major contribution of the proposed IDM is as follows:

* Islanding identification is quick and precise since the suggested tech-
nique is based on local parameters (voltage and current) at PCC and DG
locations.

* The proposed technique works precisely in ZPM, including various
APMs, RPMs, and other islanding cases, such as unbalanced load and
QF conditions.

* The proposed method works well in noisy conditions up to
SNR = 40 dB.

* No false signal is generated in non-islanding cases.

* Non-detection zone (NDZ) is much less compared to other existing
techniques.

* Additionally, real-time verification using the Opal-RT lab produces
satisfactory results.

The rest of the paper is organized as follows: Section 2 provides system
and DG descriptions with a discussion of the proposed technique. The results
and discussions are discussed in Section 3. Hardware results and verification
are shown in Section 4. Section 5 presents the conclusion of this research
paper. References are delivered in Section 6.
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2 Test System, Controller Design, and Implementation of
the Proposed Method

2.1 System Description

A modified IEEE-13 bus test system is employed, as shown in Figure 1, to
verify the suggested islanding detection approach under various islanding and
non-islanding scenarios. The 4160 V, 50 Hz distribution system includes two
2 MW photovoltaic (PV) distributed generators. These generators are con-
nected to the 4160 V distribution system through 480/4160 V transformers.
Measurements of 3-phase voltages and currents are made at a sample rate of
one millisecond at the PCC and DG; junction point.

2.2 DG Description and Controller

The proposed IDM is validated using the modified IEEE-13 bus system,
considering distributed generators (DGs) at 4.16 kV, 50 Hz, and a rated output
power of 4 MW as shown in Figure 1. The system comprises two solar-based
DGs, namely DG; and DG, connected via circuit breakers CB2 and CB3,
respectively. DG; and DGy (PV)-based distributed generators, generating
2 MW of power each, are connected to a 4.16 kV distribution system via
0.48/4.16 kV rated transformers located at node 646 and node 675. Table 1

Gen . Gen- Utility grid
DG-DG; - Solar Based
Li-Ls— RLC load
(B;-CB;— Circuit Breaker
Tr_1-Tr_3 - Transformer

1slanding

CBy

y gt
) Non-islanding
‘"'- Verifications

DG,

Figure 1 Test system.
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Table 1 Test system specification

Parameters Values
Rated voltage (PCC) 4.160 kV
Filter series resistance 0.9192 Q
Filter series inductance 0.0092 H
Filter shunt resistance le 5 Q
Filter shunt capacitance  5.511e ® F
System frequency 50 Hz
Switching frequency 10.0 kHz
Power factor 0.99
Transformer rating 480/4160 V
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Figure 2 Control scheme.

outlines the specifications of the test system. CB; facilitates the connection
or disconnection of the main grid to the microgrid. In grid-connected mode,
where CB1 is closed, power is supplied by both the main utility grid and the
DGs to all loads. Conversely, in islanding mode, marked by CB; being open,
power is solely provided by the DGs.

Figure 2 illustrates the control scheme for both solar DGs, which provide
active power to the system and operate at a near-unity power factor. Real
and reactive powers, denoted as P; and (), respectively, are measured at
the PCC and controlled through a control system. The PCC provides the
3-phase voltage signals V., Vg, and V., which are then converted into a
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dg-frame. The output of the dq-frame is fed into a phase-locked loop (PLL),
which produces the frequency (€) to acquire the signal transformation W. A
multiplexer is used to compare this frequency (&) to the original frequency
(&0)- A thorough examination of the procedure is given in [31]. When W
reaches 2, the voltage-controlled oscillator (VCO) is reset to zero.

The controller depicted in Figure 2 has a primary goal of regulating the
voltage V¢ at the source bus to enable independent control of P and Q. To
achieve this, the squared values of Vpc and Vpeyep are compared, resulting
in an error signal e, that is processed by the compensator K, to produce
Piyer. During the simulation, (). is maintained at zero to enable the VSC
to operate at a unity power factor. P.;; is a disturbance signal described
in [31]. Pyer and Q 4f are set to 391.91 and 0, respectively, which determine
whether the control operates in grid-connected mode or autonomous mode.
The current controller receives ig4yf and i4.s and generates mg and my,
which are converted to the abc frame (mg, mp, and m.) by the dg-to-abc
converter to 3-phase modulating signals. These signals are passed through
3rd harmonic injection to generate PWM pulses for controlling the inverter.
The proposed IDM is designed using PCC and DG impedance, which is
further used to calculate the correlation index. The logic block processes the
command, which is then transmitted to the multiplexer and circuit breaker
(CB) to provide islanding and non-islanding information.

2.3 Implementation of Proposed Method

In mathematics, cross-correlation is a way to quantify how similar two signals
(or sequences) are to one another as a function of the time lag of one of
them. It is extensively utilized in statistics, pattern identification, and signal
processing to determine how one signal connects to another over time.

Positive sequence (PS) voltage and current are crucial to implement the
suggested method. These components are stored at the PCC and DG junction
to calculate the correlation, which provides information about the islanding or
non-islanding scenario. The PS voltage and current show substantial results
to identify the islanding conditions. The PS voltage and current are calculated
as follows:

1
Vi = 5lVat Vot Ve (1)
L= Y+ chy + 1 ®)

3
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Positive sequence voltage and current are denoted by V; and ;. The value
of Cis ei2m/ 3, and the phase voltages and currents are V,, V3, and V. and I,
Iy, and I, respectively.
R, presents the cross-correlation for the continuous-time domain, and it
is described as -
Roy(r) = [ alopte+ ) ®
—0o0
Ry, (1) is the cross-correlation function, 7 is the time shift (lag), 2(¢) and
y(t) are continuous-time functions.
If n is the time lag (positive or negative shift) and z[k], y[k] are the two
input sequences. R, [n] is the cross-correlation at lag n. Cross-correlation
for finite discrete signals can be found as

N

Ryy(n) = N z(k) - ylk + n 4)
k=0

Where N is the length of the samples.

The proposed correlation-based IDM makes the up or down voltage and
current vary periodically. For the implementation of the proposed technique,
a correlation factor-based index is introduced and presented in terms of x[k]
and y[k|. Correlation element in terms of x[k] and y[k]| is defined as

. 1 =
Celil = 22 @kl xylk] 5)
k=i—N
To calculate the correlation factor of x = Vi pcc/Ii pcc and y =

Vi,pc/11,pc gives an index for the proposed method. Therefore, the cor-
relation index could be an indication of islanding after being compared with
a set threshold.

The proposed correlation element is defined as (6):

i—1

) 1 Vigp V1,06,
il = = TP () x 22D 6
el N k;N Il,JP[ e I pa, 1+ ©

Where C, is the correlation element, and NN is the scaling factor.

This correction element is considered an index, which is compared with
a threshold to provide information on an islanding or non-islanding scenario.
Simply, the proposed method is based on the fact that the islanding situation
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PCC

v
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if
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Islanding Detected

Figure 3 Flow chart for execution of proposed method.

can be determined if the calculated correlation factor in Equation (6) is higher
than the threshold values. Figure 3 shows the operational flow chart of the
proposed method.

3 Discussion of Results

In this segment, the outcomes for different islanding and non-islanding cases
are discussed. The suggested scheme is already discussed in the previous
section. According to the proposed IDM, the results are tested and verified
for various islanding scenarios such as ZPM, APM, RPM, DG disconnection,
unbalanced load, and irradiance deviation are verified. Similarly, for non-
islanding different faults, non-linear loads and load swapping (RLC, C,
L) are also verified. Apart from these verifications, NDZ, FDZ, and QFs
discussion is also included in this section. A communication delay of 100 ms
is incorporated for the synchronized uPMU procedure.

3.1 Discussion of Zero Power Mismatch Under UL-1741 std.

The UL1741 std. [32] is used to verify the suggested scheme under both
islanding and non-islanding cases. The DGs provided 4 MW of active power
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Figure 4 Waveforms in ZPM (a) impedance at PCC, (b) impedance at DG, (c) index, and
(d) AS.

and 300 kVAR of reactive power while adjusting the total load capacity to
match the ZPM condition. For the ZPM condition, the load is set at 3988 kW
and 298 kVAR. At 1.0 s, CB; is tripped to create the islanding event. The DG,
and PCC voltage and current are used to calculate impedance. To analyze the
voltage and current at the PCC and DG, terminals, a 0.1 s delay is added. This
delay will serve as a communication delay. The PCC and DG impedance are
displayed in Figures 4(a) and 4(b). Using both impedances, the correlation
index is calculated and compared with the set threshold (20) as shown in
Figure 4(c). The index waveform before 1.0 s is below the threshold, and
after CB tripped, the index crossed the threshold after 122.6 ms. As the index
crossed the threshold value, it indicated islanding; hence, an AS is generated
as displayed in Figure 4(d). The above verification is found to be accurate in
the ZPM condition.

3.2 Authentication of Different Quality Factors (QFs) Under IEEE
std. 929 [33] and UL1471 std. [32]

Several standards, such as IEEE std. 929 and UL1471, validate the islanding
methods by authenticating different load quality factors. QF values up to 2.5
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Table 2 RLC load values with islanding detection time for different QFs
QF R((©) LH) CE Detection Time (ms)

0.8 42.0 1.356 0.000120 123.30
1.0 420 3.178  0.00080 122.88
1.5 420 1.95 0.00110 123.05
20 420 4270 0.00060 122.89
300 —— Q‘F:(l.s i lslanding‘
— QF=1.0 | Incepted
5 200 —— Qr=15 .
= \
5 100 [ ---eeee- Threshold u
0 ................................“ ................................................
(a)
1} ﬁ
0.8+ — Q=08 ﬂ
QF=1.0 | .
w 06 o = - Islanding
<« 04r & i | L Detected
0.2r i
il n
(b) 0.8 0.9 1 1.1 1.2 1.3
Time (s)

Figure 5 Waveforms of different QFs (a) index, and (b) ASs.

are validated by these standards. This section presents the results for different
QFs ranging from 0.8 to 2.0. The 0.8, 1.0, 1.5, and 2.0 index waveforms and
their AS are plotted in Figure 5.

Table 2 presents the RLC values and the islanding detection time for all
validated quantitative factors (QFs). The indices, as described in (6), surpass
the threshold value of 20 during islanding, prompting the generation of alert
signals for subsequent indices, as illustrated in Figure 5(b). The proposed
methods adhere to the UL1741 standard for detecting islanding under Zero
Power Modulation (ZPM) conditions. Across all scenarios, the proposed
method consistently delivers reliable and precise results.

Table 3 presents an association of the proposed method with various
existing QFs based on islanding detection time. Notably, the maximum
islanding detection time among the different QFs does not exceed 123.5 ms,
underscoring the high efficiency of the IDT method.

The region, where IDM is unable to sense the islanding condition, is
referred to as NDZ. Therefore, calculating NDZ is a crucial factor for any
IDM. To determine the NDZ of the suggested IDM, a modified IEEE-13 bus
system is simulated under the UL 1741 standard in ZPM conditions. The
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Table 3 RLC load values with islanding detection time for different QFs

References QF Detection time (ms)
[31] 1.0 >300 ms
[91 1.0 >250 ms
[10] 1.0 518 ms
[35] 1.0 160 ms
[36] 0.3 >175 ms
[71 1.8 >145.2 ms
[22] 2.5 >130 ms
[34] 2.5 157 ms
Proposed 0.8,1.0, 1.5, and 2.0 <123.5 ms
Wadsops A, Dz b
N : yal
7

e e i B L & ot
1 1 2
/ \\
NDZ is | 6 % for both AP

NDZ is 0.30 % and 0.66 % for
AP and 40, respectively
Proposed

and 40 [35]

Figure 6 NDZ of the proposed method with other existing methods.

DGs’ power capacity has a ripple of 12.0 kW and 2.0 kVAR due to the inverter
controller’s dynamics. The suggested methods detect islanding under ZPM
situations and have a minimal NDZ (0.3 % and 0.66 % for AP and AQ),
respectively). Figure 6 displays an evaluation of the NDZ of the suggested
scheme with other existing methods [28, 34, 35].

3.3 Discussion of Various APM Situations

The proposed approach has undergone verification for various APM situa-
tions, including a wide range of conditions. In the previous section, the ZPM
condition is discussed. Regarding ZPM, RLC load was adjusted to create
different power mismatch scenarios, ranging from —10% to +30 % with a
gap of 10%. To achieve negative APM, the load is increased by 10%, 20%,
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Table 4 IDT for different APM
APM Conditions IDT (ms) APM Conditions IDT (ms)

—10% APM 122.55 +10% APM 122.68
—20% APM 127.10 +20% APM 122.65
—30% APM 126.58 +30% APM 122.45
—_— 0% APM n ]
150 - —— 20% APM Islanding
—_—_30% APM ﬂ Incepted
% 100
=
E B0 —— +30% APM ﬂ
R ——— R PP s vas b kAT
(a) 0 L | . .
17— -10"'/0 APM I ’
0.8 —— -20% APM |
w 0607 i | W Islanding
< 04f . " E IDT Detected
0.2 —— 309 APM ﬂ
0 ‘ i ) ‘
0.8 09 1 1.1 1.2 1.3
(b) Time (s)

Figure 7 Waveforms of different APM (a) Index and, (b) ASs.

and 30%, while to obtain positive APM, the load is decreased by 10%, 20%,
and 30%, respectively. Each APM scenario involved creating an islanding
event by tripping breaker CB; at 1.0 s. After opening the breaker, the indices
achieved higher values, as shown in Figure 7(a). The indices crossed the set
threshold; hence, the respective AS are plotted in Figure 7(b). The maximum
islanding detection time for negative APM is 127.10 ms and 122.68 ms for
positive APM. Table 4 provides further details on the islanding detection time
for each APM case discussed in this section.

3.4 Results for Various RPMs

The proposed IDM’s effectiveness has been tested for multiple RPM condi-
tions, including variations of +10%, +20%, and +=30%. To account for these
different conditions, the RLC load parameters are adjusted accordingly by
decreasing the load by 10%, 20%, and 30% for negative RPM and 10%,
20%, and 30% for positive RPM cases. Islanding is initiated through the
opening of CB; at 1.0 s for each RPM case. The index is calculated using
Equation (3) and crosses the set threshold (20) after breaker opening, as
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Figure 8 Waveforms of different RPM (a) index and, (b) ASs.

Table 5 IDT for different RPM
RPM Conditions IDT (ms) RPM Conditions IDT (ms)

—10% RPM 122.68 +10% RPM 122.55
—20% RPM 124.54 +20% RPM 122.55
—30% RPM 125.75 +30% RPM 122.45

shown in Figure 8(a). The AS for each RPM case is plotted in Figure 8(b).
The maximum islanding detection time for negative RPM is 125.75 ms and
122.55 ms for positive RPM conditions. Table 5 displays the islanding detec-
tion time for different RPMs, indicating that the proposed IDM is effective in
various RPM situations.

3.5 Results for DG Disconnection with Inclusion of Noise

To maintain the total load and generation, two DGs are used to supply the
power to the load. It is important to investigate when islanding occurs, and
at the same time, one DG is disconnected from the system. At that time, the
technique should identify islanding with the presence of noise. A Gaussian
white noise of 40 dB SNR ratio is introduced on the impedance of the DG and
utility grid. To inject islanding, CB; is tripped at 1.0 s, and at the same time,
CB3 is also tripped to disconnect DGy. Before 1.0 s, the system is in grid-
connected mode. After tripping both CBs, the index crosses the threshold
value within 122.65 ms, which indicates islanding detection. The technique
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Figure 9 Waveform of DG disconnection (a) index and, (b) AS.
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Figure 10 Waveform for unbalanced load (a) index and (b) AS.

did not work for SNR less than 40 dB, which is a limitation of the proposed
IDM. Figure 9 demonstrates the index and AS for DG disconnection with the
inclusion of noise.

3.6 Results for Unbalanced Load Verification

The distribution system typically accepts unbalanced loading. To generate
unbalancing, a 1 — ¢ inductive load with 450 kW and 100 Var has been
initially attached at PCC. To create an unbalance in the system, the CB; is
tripped at 1 s. The index crosses the set threshold after the opening of CB.
It takes 122.78 ms to detect islanding after CB; is tripped. The index for
unbalanced load and respective AS is plotted in Figure 10.

3.7 Results for Irradiance Variations

The solar energy that strikes a solar plate per square meter is measured
as solar irradiance. It changes as a result of changes in temperature,
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Figure 11 Waveforms of different irradiances (a) index and, (b) ASs.

environmental circumstances, electrical load matching, shadow, solar inten-
sity, sun angle, and other factors. The inverter-based DG design used in
this subsection has a 2 MW DG capacity. The irradiance and temperature
are maintained at 1000 W/m? and 25° for worst-case scenarios. Testing the
effectiveness of the suggested IDM is crucial to comprehending the effects of
changing solar irradiation.

For verification, the sun irradiation fluctuates between 700 and 1000
W/m?. For various scenarios of irradiance of 900, 800, and 700 W/m?, the
CBl1 is tripped at 1.0 s. Figure 11 presents the simulated outcomes for each
situation of solar irradiance. Respective ASs are also plotted in Figure 11(b).
The index for irradiance change crosses threshold values after tripping CB1.
The islanding detection time for 900 W/m?, 800 W/m?, and 700 W/m? is
122.73 ms, 122.72 ms, and 120.55 ms, respectively.

3.8 Results for Weak and Strong Grid Verification

Weak grids are systems with high internal resistance and little short-circuit
capacity. Voltage variation in a weak system is greater than in a strong system
(voltage is generally constant in strong systems). The proposed IDM must,
therefore, be verified for a weak system in an islanding scenario. This is why
the internal impedance of the main utility grid, 0.0428 + jO.110, and the 50
MVA short-circuit capacity are taken into account. The islanding is formed
by opening CB; at 1 s. Figure 12 shows plots of the islanding detection results
under weak grid and strong grid settings. The index crosses soon after CB1
trips. The AS is tripped at 122.62 ms for a weak grid and 122.6 ms for a
strong grid system.



444 Sanjeev Ranjan et al.

v 1500 [

| — Weak grid

) Istanding |
= 1000 ... Strong grid I lnceptedg
5 500 - Threshold l
| T
0 1
(a) !
1r |
0.8 - —— Weak grid |
w 067 Strong grid
« 04r == | - Islanding
0-% i | DT Detected
h) 0.8 0.9 1 1.1 1.2 1.3
Time (s)

Figure 12 Waveforms for weak grid and strong grid (a) index and, (b) ASs.

The above verifications are all considered for the islanding case. The
proposed IDM is verified for ZPM, APM, RPM, DG disconnection, unbal-
anced load, irradiance change, and weak grid, where all scenarios are found
accurate, reliable, and never gave any false signal. Now, it is essential to see
the accuracy of the proposed IDM in non-islanding scenarios. The upcoming
sub-sections are verified for different faults, load swapping, non-linear load,
and feeder disconnection.

3.9 Results for Different Faults

The proposed IDM’s Fault occurrence is probable in the microgrid due to
human mistakes and system failures. If the proposed IDM does not identify
a fault, the technique is unsuitable for islanding detection in a microgrid.
Therefore, some fault is intercepted at PCC and near DGy with different fault
resistances (1 €2, 6 €2, 12 ).

To verify the line-to-ground (LG), double line-to-ground (LLG), and 3-
ph to ground (LLLG) faults, a fault is incepted at 1 s to see the impact on the
index. LG and LLLG faults with fault resistance of 1 €2, 6 €2, and 12 (2 are
intercepted at PCC-632. The index waveform reaches up to 0.02 after fault
inception, which is below the set threshold (20) as shown in Figure 13. All
waveforms are below threshold; hence, no ASs are generated, as shown in
Figure 13.

It is not important that a fault occur only at a junction point. Hence,
the LLG fault is initiated at node 675 near DGy at 1 s. Similar to LG and
LLLG faults, the waveform of LLG is not cross-set threshold; hence, no AS
is generated for fault resistance of 1 2, 6 €2, or 12 €2, as shown in Figures 13(c)
and 13(d). The fault verification is found to be accurate and did not generate
any AS.
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Figure 13 Waveform for different faults (a) LG fault, (b) LLLG fault index, (c) LLG fault
index at node-675 and, (b) ASs.

3.10 Results for Loads Switching

The proposed IDM’s The creation of transients during load changeover may
cause the protective system to malfunction. Hence, 12.5% of the entire 3-
phase RLC load (500 kW) under ZPM is abruptly increased at 1 s at PCC to
study 3-phase load swapping situations. As seen in Figure 14, the index rises
but does not go beyond the threshold after the opening of CB4. The proposed
IDM observes this circumstance as NIE and does not send a warning signal.

The proposed IDM is also verified for capacitor and inductor swapping.
For capacitive load swapping, a capacitor bank of 15 kVAR rating is attached
at the junction point using CB4. The CB4 is tripped at 1 s to see the impact of
capacitor load swapping on the index. The change in reactive power does not
significantly affect voltage and current because of the capacitor connection at
PCC. Hence, there is no perceived impact on the index waveform, as shown
in Figure 14(b). As the waveform peak is below 0.004, it does not cross the
set threshold; hence, no AS is generated.

Similarly, a 15 kVAR inductive load is attached at PCC using CB4. The
impact of inductor load swapping has a negligible impact on the waveform, as
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Figure 15 Index waveform for non-linear load swapping.

shown in Figure 14(b), so the waveform is below the threshold and does not
generate any AS. In terms of accuracy and dependability, the suggested IDM
performs well in 3-phase load swapping, capacitor swapping, and inductor
load swapping scenarios.

3.11 Results for Non-linear Load Verification

Nowadays, the use of electronic equipment such as laptops, UPS, printers,
and power electronics switch-based appliances has increased regularly. These
types of equipment generate harmonics in the system. Such circumstances
lead to the detection of erroneous islanding. To verify such a situation, a
non-linear, 3-phase, full-wave diode rectifier with a load capacity of 4.6 kW
is attached at PCC-632. The verification is carried out in a non-islanding
situation. The waveform after tripping CB4 at 1 s does not change much, as
seen in Figure 15. As the index waveform reaches up to 0.00219, it is below
the threshold (20); hence, no AS is generated.
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3.12 Results for Feeder Disconnection

The proposed IDM’s There is a possibility of disconnecting any feeder due to
any circumstances. So, verification of feeder disconnection is required for the
proposed IDM. For this, feeder disconnection is verified in the non-islanding
situation. Node-684 is isolated at 1 s from the microgrid system using CBg.
The waveform does not cross the set threshold for the entire simulation, so
no AS is generated, as shown in Figure 16. The verification is found accurate
in the feeder disconnection.

3.13 Results for Effect of Motor Switching

In the distribution test system, a 460 HP motor load is switched at 1 s to
assess the effectiveness of the suggested approach. Figure 17 shows that the
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Figure 17 Index waveform for motor swapping and AS.
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index is not greater than the threshold value of 20. As a result, it cannot
recognize islanding. An instance of non-islanding occurs when the motor load
is switched.

4 Discussion of OPAL-RT Results

The new method has been put into practice. The outcomes have been con-
firmed using the OPAL RT real-time simulator (OP4510) in the real-time
lab. To validate the design was carried out in MATLAB/Simulink on a
desktop computer in the lab (Intel Core i8 8600 CPU @ 3.20 GHz/3.19 GHz,
RAM 16.0 GB, operating system 64-bit). The setup of the OPAL RT lab for
real-time validation is illustrated in Figure 18. Certain MATLAB/Simulink
processes must be followed before running the model on a real-time OPAL
RT simulator. The three subsystems that make up the model — the SM_master,
SS_slave, and SC_console subsystems — each function within a simulator
core. Based on model requirements and hardware capabilities, a fixed-time
solver selection type is chosen to enable model execution. Subsequently,
the system model is run in RT Lab to confirm the effectiveness of the
proposed method on a real-time simulator. An analog output interface card
(AOIC), with 16 channels is employed to connect the RT Lab box with
an oscilloscope. The actual outcome of the suggested method is saved in a
Tektronix MDO3014 mixed domain oscilloscope with four channels (input
100 MHz) depicted in Figure 18.

The Opal-RT verification result is provided in Figure 19. The ZPM
condition is considered for Opal-RT verification. The ZPM index and AS
signal plotted by Opal-RT are similar to the simulation result (Figure 4).
The islanding detection time for the real-time simulator is 125 ms, which is
considerable as the situation time is 122.6 ms. Thus, the real-time verification
was also found to be accurate.
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Figure 18 Opal-RT laboratory setup.
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5 Conclusions

A communication-based passive IDM is suggested in this article to discrimi-
nate between islanding and grid-connected modes. Positive sequence voltage
and current at the PCC and DG junction are calculated for further calculation
of the correlation element, which is considered as an index of the proposed
method. The index is compared with a set threshold that confirms the island-
ing or grid-connected mode. The proposed technique is verified for the ZPM
condition, where many techniques fail to detect islanding. The verification
of APM, RPM, QFs, unbalanced load, irradiance change, DG disconnection,
and weak grid in islanding situations are found to be accurate and satisfactory
as per IEEE 1547 std. and 929-2000 std. The non-islanding verifications, such
as different faults, capacitor and inductor swapping, non-linear load swap-
ping, feeder disconnection, and motor swapping, are also tested and confirm
the efficacy of the proposed technique and haven’t provided any false signals.
The Opal-RT hardware implementation also performed well and was found
satisfactory. The proposed IDM has only a 123.5 ms islanding detection time
in the ZPM case, which is faster than many existing techniques.
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