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Abstract—Renewable Energy Resources (RERs) have
become essential components in modern electrical power
systems. However, one of the significant problems in grid-
connected microgrid is unintentional islanding, which can
result into outages on the main grid power supply in cases of
faults or other uncertainties in the main network. This
problem poses a danger to maintenance workers can cause
damage to customers and microgrid equipment. Therefore,
effective islanding detection methods are necessary to
improve the operation of microgrids mitigate and tackle
these effects. Previously hybrid proposed islanding detection
methods such as the modified reactive power control have
only focused on inverter-based sources. This paper proposes
a hybrid technique for islanding detection with zero non-
detection zone and low impact on power quality. A novel
voltage fluctuation injection method based on Pearson
correlation coefficient is proposed for islanding detection
that involves monitoring the rate of change of Point of
Common Coupling (PCC) voltage and switching a high
impedance. The Pearson correlation coefficient between the
three-phase PCC voltage and the three-phase voltage of
switched impedance is used as the islanding detection (ID)
index. The proposed method is implemented in a modified
IEEE 13-bus test system using MATLAB Simulink. The
normally operated grid-connected microgrid had the highest
Pearson correlation coefficient. In contrast, the islanding
operation had the lowest Pearson correlation coefficient.
The method can thus successfully differentiate between
islanding and non-islanding events, and islanding can be
detected in less than 0.20 s. The proposed method is
compared with the islanding detection method based-
modified reactive power control (RPC). The proposed
method can differentiate between islanding and non-
islanding successfully. In contrast, some non-islanding
events are incorrectly detected by the RPC-based method.

Index Terms—Islanding detection, islanding fault, Pearson
correlation coefficient, periodic switching impedance,
voltage fluctuation injection

. INTRODUCTION

The traditional form of a power system consists of
centralized generation, transmission, distribution system,
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with power flowing only from high to low voltage levels.
In contrast, the modern power system is a bi-directional
power flow system with Distributed Generation (DG)
sources [1].

Connected DGs are increasing in distributed systems in
electrical grids due to the high energy demand and
advancements in power-electronic technologies [2].
However, adding DGs in the power system leads to
changes in the power system structure from radial
structure to looped structure, and reverse power flows are
therefore possible [3].

DGs can be found as standalone sources in the
distribution networks or interconnected to form a
microgrid (MG) to serve specific loads [4].

A microgrid is a small network located at the
distribution level of an electrical network consisting of
renewable and/or non-renewable energy resources and
loads [4]. A microgrid can operate in two modes, either
grid-connected mode or islanded model (standalone
mode). Both the main grid and microgrid provide power
for loads in grid-connected mode. However, only the MG
powers the loads in standalone mode [5].

Islanding occurs when the utility grid is disconnected
from the microgrid or when the utility power supply is
interrupted. Two types of islanding are defined:
intentional (refer to scheduled maintenance or
economic/management constraints) or unintentional
islanding due to faults or other uncertainties in the utility
grid. It is also known as inadvertent islanding.
Unintentional islanding unwanted phenomenon that
threatens power system security damages the network and
customer equipment, and can result in the electrocution of
utility line workers if care is not taken because some parts
of the system can remain energized [6]. Also,
unsynchronized circuit breaker reclosing causes large
transient currents that can damage the electrical
equipment in the utility grid and microgrid. Moreover,
islanding can cause ineffective grounding and lead to
insulation failure. Consequently, it causes unsafe and
severe safety and health hazards [7].

The remaining part of this paper is organized as
follows: Section Il is the islanding detection methods.
Section Il highlights the proposed voltage fluctuation
injection-based islanding detection. The simulation
results and their discussion are presented in section IV.
Finally, section V gives the conclusion.
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Il. ISLANDING DETECTION METHODS

The performance indices of islanding detection
methods are Non-detection Zone (NDZ), islanding
detection time, false detection ratio, and effect on power
quality [8]. Islanding must be detected within 2 s after the
disconnection of the main grid according to islanding
standards IEEE1547, IEC 62116, and UL1741 [9].
Various islanding detection methods exist. These
methods are classified mainly into remote and local
islanding detection methods. The local techniques are, in
turn, divided into passive, active, and hybrid techniques.
The main difference between these techniques is in their
way of operation.

Remote islanding detection methods depend on
communication between the microgrids and the main grid
to detect the islanding situations. These methods are
highly reliable, have zero non-detection zones, and have a
short detection time with no power quality effect.
However, they have expensive and complex
implementation. They include Power Line
Communication (PLC) method [10], Supervisory Control
and Data Acquisition method (SCADA) [11], transfer trip
method [12], and phasor measurement unit method (PMU)
or islanding detection method based on synchronized
measurements [13].

Passive Islanding Detection Methods (PIDMs) are
based on monitoring parameters such as frequency,
voltage, and harmonics distortion. Islanding fault is
detected when these parameters exceed their predefined
thresholds [5]. These methods used Rate of Change of
Voltage (ROCOV), Rate of Change of Frequency
(ROCOF) [14], under/over voltage and under/over
frequency, rate of change of active power, Rate of
Change of Reactive Power (ROCORP), and rate of
change of phase angle difference [15] for islanding
detection. These methods have low cost and easy
implementation and do not affect power quality. However,
they may have large non-detection zones; reliability is
restricted with selected threshold values and is less
effective under power generation and demand match [16].

The problems related to passive methods can be
mitigated by using intelligent methods like an Artificial
Neural Network (ANN), fuzzy logic, decision trees, and
Adaptive Neuro-Fuzzy Inference Systems (ANFIS) [17].
Also, they can be mitigated by signal processing-based
methods such as mathematical morphology [18] and
Pearson correlation coefficient [19]. Moreover, they can
be mitigated by combination of signal processing-based
methods and the intelligent based methods [20]-[22] such
as combination of wavelet packet transform and binary
tree, combination of S transform and ANFIS,
combination of discrete wavelet transforms and ANN,
and combination of S-transform and ANN.

Active Islanding Detection Methods (AIDMs) depend
on introducing a disturbance in the system. This
disturbance has a considerable change in parameter
values in islanding mode and a slight change in grid-
connected mode. As a result, active methods have a small
non-detection zone and a low error detection rate.
However, these methods can be expensive and complex
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to implement, have a long detection time, and negatively
affect power quality. These methods include impedance
measurement, active frequency drift, Sandia voltage shift,
and sliding mode frequency shift [23], [24].

Hybrid Islanding Detection Methods (HIDMs)
combine PIDMs and AIDMs. First, a passive part is used
to predict the occurrence of the islanding fault, and an
active method is then used to detect islanding accurately.
These methods have a minimal non-detection zone and
less power quality than active methods since perturbation
is introduced after the islanding suspicion. However, they
can have a complex implementation and a long detection
time. These methods include unbalanced voltage and
frequency set-point, voltage change and power shift,
voltage fluctuation injection method, rate of change of
reactive power, and load-connecting strategy [25], [26].

A HIDM is proposed by authors of [25]. The method
consists of ROCOV as the passive part and rate of change
of active power as the active part. At the same time, the
authors of [27] proposed a HIDM consisting of ROCOV
and ROCOREP as passive parts and capacitor switching as
an active part. Reza Bakhshi-Jafarabadi and Marjan
Popov [28] proposed a HIDM of photovoltaic where
ROCOF is a passive part and referenced current
disturbance as an active method.

This paper proposes an HIDM that combines ROCOV
of PCC voltage as a PIDM and switching high impedance
load as an AIDM. The proposed method is tested on a
modified IEEE 13-bus system and works by monitoring
the ROCQV of PCC voltage and then switching a high
impedance as a disturbance to detect islanding. This
HIDM considers a grid-connected microgrid with both
inverter-based and non-inverter-based sources. The
design of the HIDM takes into consideration Zero NDZ
and short detection time. The novelty and accuracy of this
method arise from the ability of the Pearson correlation
coefficient to determine the degree of correlation between
the PCC voltage and that of the switched impedance.

I11. PROPOSED VOLTAGE FLUCTUATION INJECTION
BASED ISLANDING DETECTION

A HIDM based on the voltage fluctuation injection
method is proposed in this paper and implemented for a
microgrid with a photovoltaic (PV) array system and a
synchronous generator. The proposed technique uses the
Pearson correlation coefficient to determine the system is
in islanding mode or not. The Pearson correlation
coefficient is calculated based on the PCC voltage and the
voltage of switched impedance.

A. System Model

The modified IEEE 13-bus test system is chosen to
simulate the voltage fluctuation injection method in
Simulink-MATLAB. The standard system was modified
by the addition of synchronous generator and PV system

with nominal voltage of 12 KV. The test data for this
work was obtained from [29].The modified IEEE 13-bus
test system single line diagram is illustrated in Fig. 1.
This figure depicts a microgrid by the dashed line and
consists of a PV system at bus 10 and a synchronous
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generator at bus 12. Bus 7 is the connection point
between the main grid and the microgrid. Table |
illustrates DGs, main grid and transformers data, and
Table Al and Table All in Appendix show the lines and
the loads data, respectively.

Busl Bus2 Bus3 Bus4 Bus$ Bus6

ST

Ll L2 L3 L4 L5|L6
Bus 7PCC

J.q o qé
Bus11 :
I s B L8 3

Bus 12 L-10

PV

: Sychnorous
: Generator

Fig. 1. Modified IEEE 13-bus test system single line diagram.

TABLE I: DGS, MAIN GRID AND TRANSFORMERS DATA

Main Grid 12 kV, 100 MVA, 60 Hz
Cells Per Module 60
Series-Connected
Modules Per String 10
Parallel Strings 47
Solar Irradiance 1000 W/m?
Operating temperature 25 °C
Maximum Output Power, 100 KW
3.125 MW, 60 HZ, 2400V
DG1Transformer
500 KVA, 60 HZ
600 V/12 KV
YG/YG
DG2 Transformer
4 MVA, 60 HZ

2400 V/12 KV
YG/YG

Solar power array system
(DG1)

Synchronous generator (DG2)

Transformers

B. Determination of Pearson Correlation Coefficient

The correlation between two variables is a measure of
the strength of the relationship between them. This
association can either be directly or inversely
proportional or no association at all. The Pearson
correlation is a mathematical tool that measures the linear
correlation between two continuous variables using a
correlation coefficient [30].

The Pearson Correlation coefficient is used in power
system applications such as adaptive protection to
analyze and calculate the correlation between uncertain
elements and short-circuit measurements [31] and ensure
coherency among two different generators [32].

The Pearson correlation coefficient (oag) is calculated
asin (1):

_ cov(A,B)
Pas 5,54
where A and B are two variables, cov(A, B) is the

covariance of A and B. 6 and &g are the standard
deviation of A and standard deviation of B, respectively.

@

©2022 Int. J. Elec. & Elecn. Eng. & Telcomm.

The Pearson correlation coefficient three-phase PCC
voltage and three-phase voltage the switched impedance
can be calculated using (2) and (3):

COV (Ve Vi )
6y, O

Compensating the value of cov(V,,V,,) in(2):

p:’q/pccvvsw = (2)

COV (Vi Vi ) = - 1

T1 Zn: (Vpcci T e )<V5Wi a )

i=1
gives

1 Q (Vpcci ~ Hypee )(VSWi - ,vav )
5Vpcc é‘vsw

where Vpee and Vs are three-phase PCC voltage and
three-phase voltage of switched impedance, respectively,

and 4, are the mean of the three-phase PCC voltage

and the mean of the three-phase voltage of switched
impedance, respectively, &, and é{,sw are standard

deviations of the three-phase PCC voltage and three-
phase voltage of switched impedance respectively, = is
number of samples, and i is sample number i of the
voltage waveform.

The proposed method calculates the Pearson
correlation coefficient between the three-phase PCC
voltage and three-phase voltage of the switched
impedance using the MATLAB function of the Pearson
correlation coefficient given by (4) and (5):

R = corrcoef (V,..,V,, ) ()

p=R(L2) )

where R is the matrix of correlation coefficients between
Vpee and Vsw. R(1, 2) is element in the first row and the
second column in R matrix which illustrate the cross
correlation between Ve and Vs, mentioned in (4). 1 is
first row in R matrix, and 2 is the second column in R
matrix.

P n-1= ©

C. Pearson Correlation Coefficient Application for
Islanding Detection

A novel HIDM based voltage fluctuation injection at
PCC is proposed in this paper. It starts with monitoring
PCC voltage and calculating ROCOQV. Islanding is
suspected if ROCOV is greater than zero. After islanding
suspicion, a periodic impedance is switched at PCC to
detect islanding. Then, the Pearson correlation coefficient
(p) between PCC voltage and the voltage of switched
impedance (voltage fluctuation source) is calculated.
Islanding is detected by comparing o with the Pearson
correlation coefficient threshold (on) value.

The Pearson correlation coefficient (o) ranges from
negative one (-1) to positive one (+1). When p is close to
positive one, there is a strong positive correlation
between Ve and Vg, but if it is close to negative one,
there is a strong negative correlation. If p is equal to zero,
it means that there is no relationship between Vpcc and Vsy.
From the results, p ranges from 0 to 1 and is used as a
similarity index. The three-phase PCC voltage and three-
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phase voltage of switched impedance and a strong linear
correlation in grid-connected mode but the weak linear
correlation in islanded mode. So, the value of p during
grid-connected mode is higher than p during islanding.

In other words, variations in PCC voltage due to
switching impedance are compensated by the main grid
in grid-connected mode. So, the variation in PCC voltage
is slight. As a result, p in grid-connected mode has a
higher value. In contrast, in islanded mode, the variation
in PCC voltage due to switching impedance is large
because of absent compensation by the main grid. As a
result, p in islanded mode has a lower value.

P is determined by various simulated islanding and
non-islanding case studies. The value of p calculated in
islanded mode is less than 0.3, while that calculated in
grid-connected is higher than 0.3. So, the correlation
coefficient threshold is selected to be 0.3.

For a given case study, if p in (2) is less than its
threshold (on), then the case study represents an islanding
event; otherwise, it is a non-islanding event. Fig. 2
illustrates the islanding detection principle. The long of
intentional delay is 0.05. This value is determined using
the transient cases between the time of starting
islanding/non-islanding event and before switching the
high impedance load impedance for islanding detection.

|

Fig. 2. Block diagram of islanding detection principle.

Pearon correlation
coefficient
P

Islanding detection
signal

Comparator “ Intentional delay

Threshold value
Ptn

D. Voltage Fluctuation Source Selection

Voltage fluctuation in a power system occurs due to
load changes and distributed generation: the voltage
changes caused by intermittent renewable energy sources
Furthermore, voltage fluctuation due to switching
impedance is one of the crucial features determining
changes in the power system conditions [23].

The active part of the voltage fluctuation injection
method is done by switching a high impedance load
periodically at the PCC. Different 5 MVA impedance
load values (resistive-inductive, resistive-capacitive,
purely inductive, and purely resistive impedances) have
been simulated in MATLAB in grid-connected and
islanded modes and the corresponding values of p
calculated to illustrate the effect of the switching
impedance.
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Pearson correlation coefficient of a 5 MVA switching
impedance during grid-connected mode and islanded
modes are shown in Fig. 3 and Fig. 4, respectively. Fig. 3
and Fig. 4 show that a purely inductive load of 5 MVA
has the highest value of the Pearson correlation
coefficient.

The three-phase PCC voltage and three-phase voltage
of switched impedance are measured using separate three
phase V-l measurement block. Then the Pearson
correlation coefficient between three-phase PCC voltage
and three-phase voltage of switched impedance is
calculated using (2) through implementing (4) and (5) in
MATLAB. Equation (2) is calculated for the three-phase
voltage together. The rate of change of voltage is
calculated u for phase A through the derivative block and
the mean block, to illustrate the effect of islanding and
the injection of voltage fluctuation source (switching of
high impedance load). The final decision is made by
comparing the Pearson correlation coefficient calculated
by (5) with its threshold value (0.3) through the relational
operator block with less sign.

A flow chart of the voltage fluctuation injection
method is shown in Fig. 5. The procedures of the
proposed method begin with measuring PCC voltage,
calculating ROCOV of PCC voltage, and then switching
5 MVAR pure inductive impedance at PCC when
ROCQV is greater than zero. Finally, calculate p and
detect event as an islanding event if p is less than 0.3,
otherwise, it will be the non-islanding event.

The proposed method can be implemented in a
practical system by measuring the PCC voltage using
voltage transformers. Then a digital signal processor
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calculates the ROCOV of PCC voltage. When the
ROCOV value is greater than zero, a periodic switching
signal generator generates a periodic switching command
to the high impedance load and measures the voltage at
its end. After that, another digital signal processor
calculates the Pearson correlation coefficient between the
three-phase PCC voltage and the three-phase voltage of
switched impedance. This processor decides whether the
islanding conditions are met to disconnect the DG.

IV. SIMULATION RESULTS AND DISCUSSION

Various islanding and non-islanding events are
implemented in MATLAB — Simulink, which are listed in
Table 1I. All islanding and non-islanding conditions
occurred at 0.3 s, and 5 MVAR pure inductive impedance
is switched periodically at PCC (bus 7) at 0.35 s with a
period of switching equal to 0.04 s.

TABLE Il: STUDY CASES FOR THE PROPOSED METHOD AND RPC

METHOD
Pearson Correlation |Energy Entropy|
No. Case Study Case Coefficient (p)  |of 8(L2 Norm)
A Islanding wlth high 0.2911 595.2
power mismatch
B Islanding DG1 0.2736 507.7
C Islanding DG2 0.2812 524
D Capacitor Switching 0.4610 541.9
E LLL-Fault 0.3237 519.6
F L-G Fault 0.4323 530.2
G Islanding Wlth zero 01138 526.7
power mismatch

The proposed method is compared with the islanding
detection method based on modified Reactive Power
Control (RPC) [33]. The method is based on the positive
sequence of PCC voltage and the phase angle (&) between
the actual and nominal PCC voltage to control the
reference reactive power signal. During the normal
operation of the grid-connected microgrid, & is zero;
however, it has a considerable value after islanding as
illustrated in (6):

B R
)
£ osl|[|/] ‘l 4 u |
I ‘\ \ [ \ \ ,
> I l ‘ | i ‘ \
S I 111
€ o \ I
® VL
E ool \ H w( "‘ WG
§-051| ‘ ] ] [ J i ‘ |
8 M " I
£ WAy
Fo
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (seconds)
(a) Vpcc
<1072 Islanding
6 . : .
proposed method
4| | © RPCmethod Intentional delay N,
) time=0.05s ’\‘
| 17|
2Fa U |
B | lf\
g o ;
o w
|
4| | | A MY
| |
el L L i
0 0.1 0.2 0.3 0.4
Time(sec)

(c) ROCOQV for the proposed method and RPC method

0.5

Three phase perturbation voltage(V'

( pcc)ms1 ( (6)

where (Vpee)nom IS Nominal PCC voltage, (Vpcc)inst IS actual
PCC voltage.

The reactive power reference (Q,) that is injected into
the constant power operation system is given by

pcc )nom

ref :_kl PCC (7)

N
where ki and ks are constants that are equal to 1 Var and 4
Var, respectively. Vy is the rated of PCC voltage, Vpcc i

positive PCC voltage, and Qe iS reactive power of the
load.

The islanding index of the RPC method is based on the
entropy of discrete wavelet transform coefficients of the
phase angle. The method detects islanding by comparing
the energy entropy of the voltage phase angle () with its
threshold value. The energy entropy of the voltage phase
angle () is extracted using discrete wavelet transform
(DWT) with the threshold value.

Both methods are implemented on the modified IEEE
13-bus test system shown in Fig. 1. The rate of change of
PCC voltage and islanding detection signal are evaluation
parameters of the proposed method under different
islanding and non-islanding events.

N4 K;0+ Q) oag

A. Islanding with High Power Mismatch

The islanding mode occurs with high power mismatch
condition is implemented by opening the main circuit
breaker in the 6-7 line. After the disconnection of the
main grid, MG and PCC load form an island, and thus
PCC voltage lost its control from the main grid. Thus, the
PCC voltage becomes distorted when islanding occurs by
opening the main circuit breaker at a time of 0.3 s, as
shown in Fig. 6 (a). Also, the distorted voltage fluctuates
significantly when 5MVAR impedance is switched
periodically from 0.35 s until 0.5 s due to the absence of
voltage compensation from the main grid.
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Fig. 6. Waveforms during islanding of microgrid.
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Fig. 7. Waveforms during islanding of DG1.

As shown from Fig. 6 (b), the three-phase voltage of
injected impedance is periodic distorted voltage with a
magnitude of 5 kV during the islanding from 0.3s to 0.5s.

ROCOV at PCC during islanding is a fluctuated value.
The high value of ROCOV demonstrates significant
changes in PCC voltage which indicates the islanding.
Fig. 6 (c) illustrates the ROCOV of both methods during
islanding. The straight line indicates the ROCOV of the
proposed method, and the line marked with a star
indicates the ROCOV of the RPC method. Islanding
occurs at 0.3 s. ROCOV of the proposed method is higher
than the ROCOV of the RPC method due to switched
impedance. Therefore, the ROCOV of the proposed
method illustrates significant changes in PCC voltage
better than the ROCOV of the RPC method.

Since the actual value of the PCC voltage during
islanding deviates from the nominal PCC voltage, angle 6
is used to calculate the reference of the reactive power.
Table Il shows that the L2 norm for the islanding event is
less than 527 (the threshold value of RPC method that
proposed in [33]).Therefore, the RPC approach detects
islanding accurately. At the same time, the Pearson
correlation coefficient is less than 0.3, as shown in Table
Il. As a result, the suggested method detects islanding
correctly. The islanding detection signal for both
procedures is equal, as illustrated in Fig. 6 (d).

B. Islanding DG1

Islanding of DG1 (PV system) is implemented by
opening the circuit breaker of the line that connects the
PV system with the main grid at 0.3s.This islanding
causes distortions in three-phase PCC voltage, as seen in
Fig. 7(a). In addition, there is a distortion in the periodic
voltage of injected impedance, as illustrated in Fig. 7 (b).

From Fig. 7 (c) the ROCOV of the proposed method is
higher than the ROCOV of the RPC method, which
demonstrates the proposed method's effectiveness.

From Table I, the L2 norm of 8 for islanding of DG1
is less than 527. As well as the Pearson correlation
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coefficient p is less than 0.3. Thus, as in Fig. 7 (d) both
methods determine the islanding of DG1 as an islanding
event correctly.

C. Islanding DG2

The islanding DG2 (synchronous generator) occurs by
opening the circuit breaker of the line that connects DG2
with the main grid at 0.3s. This islanding causes
distortions in three-phase PCC voltage, as seen in Fig. 8
(a). Similar distortion in the periodic voltage of injected
impedance as illustrated in Fig. 8 (b) higher than the
ROCQV of the RPC method.

From Fig. 8 (c) the ROCOV of the proposed method is
higher than the ROCOV of the RPC method, which
demonstrates the proposed method's effectiveness.

From Table Il, the L2 norm of 6 for islanding of DG2
is less than 527. As well as the Pearson correlation
coefficient p is less than 0.3. Thus, as in Fig. 8 (d) both
methods identify islanding of DG2 as an islanding event
correctly. The proposed method was able to detect the
islanding of DG2 correctly.

D. Capacitor Switching

Capacitor switching in a microgrid is an example of
non-islanding events. Between 0.3s and 0.5s, a 1.2
MVAr capacitor is connected to bus 13. As a result, PCC
voltage slightly increases and fluctuates when 5MVAR
impendence is introduced, as shown in Fig. 9 (a). The
periodic voltage of injected impedance during capacitor
switching with minor distortion is seen in Fig. 9 (b). Fig.
9 (c) shows that the ROCQV of the proposed method has
a slightly higher value than the ROCOV of the RPC
method. In the RPC method, 0 between the actual and
nominal PCC voltage due to capacitor switching is used
to calculate the reactive power reference. According to
Table 11, the L2 norm of & for the capacitor switching is
higher than 527. As well as the Pearson correlation
coefficient p is higher than 0.3. Therefore, the islanding
detection signal for both methods equal zero, as seen in
Fig. 9 (d).
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E. LLL-Fault

A three-phase fault at the microgrid is one non-
islanding event. A three-phase short circuit fault was
simulated to occur between 0.3 s to 0.5 s on the line
between bus 11 and bus 12 with a short circuit resistance
equal to 1.5Q. This fault causes voltage drop and slight
distortions in three-phase PCC voltage, as shown in Fig.
10 (a) switched impedance voltage due to LLL- fault is
periodic with a magnitude of 5 kV and has slight
distortion, as seen in Fig. 10 (b).

Occurrence of a three-phase fault cause distortion in
the PCC voltage, which appears significantly at the
instance of the fault. After this instance, the ROCOV of

©2022 Int. J. Elec. & Elecn. Eng. & Telcomm.

the proposed method has a higher value than the ROCOV
of the RPC method, as can be seen in Fig. 10(c). There is
variation in the actual and nominal PCC voltage in the
RPC method during LLL-fault. Therefore, the reactive
power reference is accounted for using angle 6.

From Table Il, the L2 norm of @ for the LLL fault is
less than 527. So, the RPC method detects incorrectly as
islanding. In contrast, the Pearson correlation coefficient
p, according to Table II, is greater than 0.3. So, the
proposed method detects LLL fault correctly as a non-
islanding event than the RPC method. Therefore, the
islanding detection signals for both approaches are seen
in Fig. 10 (d).
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F. L-G Fault

One of the non-islanding events is a single-phase to
ground fault that occurs at 0.3 s in line number 11-12
with Ry is equal to 1.5 Q. This fault causes distortions in
three-phase PCC voltage, as seen in Fig. 11 (a). And the
voltage of switched impedance during L-G fault is shown
in Fig. 11 (b).

During the L-G fault, the ROCOV of both methods is
approximately similar, as can be seen from Fig. 11 (c).
During the L-G fault in the RPC method, the actual value
of the PCC voltage during islanding varies from the
nominal PCC voltage. So, angle @ is participating in
calculating the reactive power reference.
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Table II Shows the L2 norm of 6 for the L-G is greater
than 527. At the same time, the Pearson correlation
coefficient p, according to Table Il, is greater than 0.3. As
a result, both methods detect L-G fault correctly as a non-
islanding event. Therefore, the islanding detection signal
for both techniques equal zero in Fig. 11 (d).

G. Islanding with Zero Power Mismatch

The islanding happens with zero power mismatch
condition is implemented by opening the main circuit
breaker in the 6-7 line at 0.3 s with zero power mismatch
between the generation and the demand.
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After the main grid was disconnected, MG and PCC
loads formed an island, and PCC voltage was no longer
controlled by the main grid. As a result, when the main
circuit breaker is opened at 0.3 s, the PCC voltage gets
distorted with magnitude of 1Kv, as shown in Fig. 12 (a).

The voltage of switched impedance distorted when
5MVAR impedance is adjusted frequently from 0.35 s to
0.5 s due to the lack of voltage compensation from the
main grid.

As shown from Fig. 12 (b), the three-phase voltage of
injected impedance is periodic distorted voltage with
voltage magnitude of 1 kV during the islanding from 0.3s
to 0.5s.

ROCOV at PCC during islanding is a fluctuated value.
The high value of ROCOV demonstrates significant
changes in PCC voltage which indicates the islanding.
Fig. 12 (c) illustrates the ROCOV of both methods during
islanding with zero power mismatch. The straight line
indicates the ROCOV of the proposed method, and the
line marked with a star indicates the ROCOV of the RPC
method. Islanding occurs at 0.3 s. ROCOV of the
proposed method is higher than the ROCOV of the RPC
method due to switched impedance. Therefore, the
ROCOQV of the proposed method illustrates significant
changes in PCC voltage better than the ROCOV of the
RPC method.

Since the actual value of the PCC voltage during
islanding deviates from the nominal PCC voltage, angle 6
is used to calculate the reference of the reactive power.
Table 11 shows that the L2 norm for the islanding with
zero power mismatch is less than 527. Therefore, the RPC
approach detects islanding accurately. At the same time,
the Pearson correlation coefficient is less than 0.3, as
shown in Table Il. As a result, the suggested method
detects islanding correctly. The islanding detection signal
for both procedures is equal, as illustrated in Fig. 12 (d).

©2022 Int. J. Elec. & Elecn. Eng. & Telcomm.

341

V. CONCLUSION

The islanding fault is an unwanted phenomenon that
threatens power system security and interrupts network
operations can damage network and customer equipment,
and endanger maintenance workers' lives. This paper
proposed a new HIDM for a grid-connected microgrid
with inverter-based and non-inverter-based sources. The
voltage fluctuation injection method is developed using
the Pearson correlation coefficient. Pearson correlation
coefficient between the three-phase PCC voltage and
three-phase voltage of switched impedance is used as a
similarity measure to detect islanding. Normal operation
grid-connected microgrid had the highest Pearson
correlation coefficient.

On the other hand, the islanding operation had the
lowest Pearson correlation coefficient. The obtained
results demonstrated the efficiency of the proposed
method compared with the RPC method over five
different cases: Islanding with high power mismatch,
islanding DG1, islanding DG2; capacitor switching, LLL
fault, and L-G fault, islanding with zero power mismatch.
In comparison, the RPC method detects LLL-fault
incorrectly as an islanding event.

The proposed method can successfully differentiate
between islanding and non-islanding events successfully
without NDZs. Moreover, islanding can be detected in
less than 0.20 s using the proposed method within the 2 s
threshold stipulated in islanding detection standards such
as the IEEE 1547 UL 1741 standards.

Therefore, the authors recommend implementing the
proposed method on a practical system. The future scope
of this work is to use an intelligent classifier for islanding
detection to avoid the difficulty related to threshold value
selection.
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APPENDIX
TABLE Al: LINE DATA
Sending Bus | Receiving Bus R (ohm) X (ohm)
1 2 0.176 0.138
2 3 0.176 0.138
3 4 0.045 0.035
4 5 0.089 0.069
5 6 0.045 0.035
6 7 0.116 0.091
7 8 0.073 0.073
8 9 0.074 0.058
8 10 0.093 0.093
7 11 0.063 0.050
11 12 0.068 0.053
7 13 0.062 0.053
TABLE All: LOAD DATA
No. bus P (KW) Q (KVAR)

1 0 0

2 890 468

3 628 470

4 1112 764

5 636 378

6 474 344

7 1342 1078

8 920 292

9 766 498

10 662 480

11 690 186

12 1292 554

13 1124 480
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