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Summary

increased due to the presence of multi-distributed generation units (DGs) in
the distribution systems in order to meet the increase of the load demand.
Detection of unintentional islanding situation is very important as non-
detection of islanding situation could result in a cascaded failure of the system.
If the islanding situation remains undetected, the instability in the islanded
part can lead to a complete failure of the electrical power system. This paper
introduces a new passive scheme for islanding detection, which is suitable for
multi-distributed generation units based on rotating machines. The proposed
method is based on the measurements of the system voltage and frequency to
compute two indices called the islanding index and harmonics index. The
islanding index is the main index used to discriminate and identify the
islanding situation. However, the harmonics index in conjunction with a strat-
egy called speed reduction strategy assists the islanding index to discriminate
between islanding situation in case of a close power match and system distur-
bances. The simulation studies were conducted in MATLAB/SIMULINK envi-
ronment, and various cases have been considered, such as normal operation,
islanding operation, sudden load change, DG tripping, separation of some DG
units, faults, etc.

The novelty of the proposed strategy is that it provides fast detection and has
zero nondetection zone compared with the existing detection methods. More-
over, the proposed strategy has no effect on the power quality, and the maxi-
mum detection time is almost 350 ms at a close power match. The results
indicate that the proposed scheme is successful in discrimination of the
islanding conditions from other grid disturbances, revealing its great potential
to be able to detect islanding events. Finally, the proposed method is applied
only for rotating machine based DGs, such as wind turbines. Wind farms'

Abbreviations: DG, Distributed Generation; NDZ, Non-Detection Zone; IDMs, Islanding Detection Methods; PDM, Passive Detection Methods;
DFIG, Doubly-Fed Induction Generators; DFT, Discrete Fourier Transform; Kg, Islanding Index; Ko, Threshold Value of Islanding Index; Kj,,
Harmonics Index; Ky o, Threshold Value of Harmonics Index; SRS, Speed Reduction Strategy.
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1 | INTRODUCTION
Distributed generation (DG) units are connected directly
to the utility distribution network. If properly planned
and operated, DG units may have the ability to interact
with the utility grid, increase the flexibility, and improve
the efficiency of the system. However, the integration of
DG units into the utility distribution network is associ-
ated with some problems, such as power quality prob-
lems, protection coordination, and islanding operation.™?
One issue that should be considered is the islanding oper-
ation. Islanding operation is a situation in which the DG
units continue to supply fully or partially the local loads
after the grid is disconnected."® This situation can lead to
many potential hazards since the DG units are without
control and supervision of utility. Therefore, this situa-
tion should be detected and protected rapidly. Consider-
ing the serious consequences islanding situation can
cause, IEC-62116, IEEE STD-1547, and IEEE STD-929
standards decided that islanding situation should be
detected and prevented.'® IEEE Standard 1547.4-2011
determines a delay of 2 seconds for islanding situation
detection.”'°

This paper consists of seven sections as follows: Sec-
tion 2 demonstrates the current detection methods and
the study contributions. Section 3 shows the description
of the test system under consideration. In Section 4, the
proposed method's details are introduced. Section 5 dis-
cusses the results of the simulation and the proposed
method's performance. Finally, Sections 6 and 7 present
the discussion and conclusions, respectively.

2 | CURRENTISLANDING
DETECTION METHODS AND STUDY
CONTRIBUTION

Several islanding detection methods (IDMs) have been
developed and reported in the literature under different
categories, discriminated as remote methods and local
methods. The first category is based on the principle of
communication among the utility grid and the DG units.
Although this category is expensive and subject to com-
munication failures, it has zero non-detection zone
(NDZ). The NDZ is an interval where IDMs are unable to

power generation system based on doubly-fed induction generators is intro-
duced in this paper as an example of DGs units.

islanding detection, anti-islanding protection, non-detection zone, distributed generations

identify the islanding situation on time.® Power line com-
munication and supervisory control and data acquisition
methods are the main remote detection methods.” The
second category of detection schemes is further divided
into passive and active schemes.>”

2.1 | Active methods

Active detection methods detect islanding operation
based on the response of the DG when small periodic dis-
turbances are intentionally injected on the frequency or
voltage of the power system*” in order to force the fre-
quency or the voltage to drift up or down during
islanding situation." Despite their high accuracy to dis-
criminate islanding events with a very small NDZ, active
methods have an adverse influence on the distribution
system operation owing to injection disturbances.*?
Moreover, it requires a time to inject a disturbance to
detect the voltage or frequency changes.'®** A complete
survey of active methods can be found in the literature.*”®

2.2 | Passive Methods
This paper concentrates on passive islanding detection.
Passive detection methods (PDM) depend on measuring
one or more system parameters, such as voltage, fre-
quency, voltage angle, etc, at the DG unit terminals and
compare it with a specified threshold value to judge
whether there is an islanding situation.>** If the mea-
surements exceed the threshold values, the islanding
relay makes a decision to shut down the DG unit from
the network.*® A complete survey on the passive detec-
tion methods can be found in the literature.*”’ Passive
detection methods are preferred because they are simple,
easy for implementation, and applied to any network
structure.! Moreover, they do not have any effect on the
system stability and power quality. However, the major
drawbacks of PDM are the large NDZ compared to active
methods and low discrimination between non-islanding
and islanding conditions.>*

Interestingly, new passive methods have been
recently introduced. The proposed method in Ref. 19 uses
the voltage index at the DG unit and the line current at
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the main bus. Although the method has zero non-
detection zone and can be used for multiple DG units,
the authors considered only the lower limits of the volt-
age and frequency to determine the threshold. In Ref. 20,
the authors present a passive method for both inverter
and synchronous machine-based DG units. However, the
proposed method has smaller NDZ. Another method
based on the dynamic load behavior is presented in Ref.
1. The method has smaller NDZ and the threshold for
islanding detection depends on the load type. Moreover,
a new scheme based on total variation filtering for a
modal voltage signal is proposed in Ref. 32. The proposed
scheme is found to be working effectively but the thresh-
old selection is based on simulation results.

Recently, some computational intelligent methods in
combination with modern signal processing techniques
have been introduced to get rapid detection of islanding
condition, such as artificial neural network,! 62731
fuzzy logic,">'®?® and wavelet.">?7?*?® In spite of the
outstanding features and the capability of these intelli-
gent methods to determine the most proper combination
of features, as well as thresholds, that can reduce the
NDZ, such intelligent methods need additional software
and hardware support and are difficult to implement in
practice.”* In addition, intelligent methods need higher
execution time due to the high level of complexity. Fur-
thermore, their performance is also governed by appro-

priate data updates and the impact of system
reconfiguration.>"?
2.3 | The objective and contributions of

this article

In spite of many research of islanding algorithms in this
area, more islanding schemes are still needed. The main
objective of this paper is to propose an accurate scheme
for islanding detection in the distribution networks with
multiple DG units based on rotational energy conversion.
The proposed algorithm uses the system voltage and fre-
quency to compute two indices called the islanding index
and harmonics index. These indices are used in conjunc-
tion with an assistant strategy called speed reduction
strategy to detect islanding condition. The main contribu-
tions of this paper are as follows:

« The suggestion of a simple practical islanding scheme
for DGs based on rotating machines.

« Accurate discrimination between islanding and non-
islanding events, without any effects on the system sta-
bility or the power quality.

« The proposed scheme is straightforward, easy to imple-
ment in practice, and has zero NDZ.

oS WILEY-L

3 | MODEL DESCRIPTION

The proposed method is implemented on the distribution
network shown in Figure 1. The distribution network is
composed of four DG units (each one 5 MW, 1 MVAR)
connected to a 20 kV distribution network. Each DG unit
(wind farm) operates at 575V and connected to 20 kV
distribution network by a step-up transformer (5 MVA,
60 Hz, 575 V/20 kV). Moreover, the utility is connected
to the distribution networks by a step-down transformer
(50 MVA, 60 Hz, 120/20 kV). The DG units use doubly-
fed induction generators (DFIG). The stator is connected
directly to the network while the rotor is connected to
the network through an AC/DC/AC IGBT-based PWM
converter. The test system is modeled using Matlab/
Simulink. The system parameters are mentioned in
Table.1.

4 | THE PROPOSED ISLANDING
DETECTION STRATEGY

Generally, the PDMs suffer from an inherent disadvan-
tage of large non-detection zone. Moreover, PDMs
require accurate thresholds for the system parameters. In
the presence of DG units, the exact detection of islanding

DG1!

Grid

2 R3
25 Km ki 50 Km
Load5

Load3

R6
60 Km
R7 DG2
Load2

DG3

Loadl

C.B: Circuit Breaker
R : Relay Load4

cB—>

FIGURE 1 Model of the power system under study [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 1 The power system parameters

Grid 2500 MVA:120 kV; 60 Hz.

Step down; 50 MVA; (120/20) kV

5 MW;1MVAr; 575 V; 60 Hz.

Step up; 10 MVA; (575/20) kV

R1 = 0.1153 Q/km; RO = 0.413 Q/km;

Grid transformer
DG unit
DG transformer

Transmission line

parameters X1 = 1.05 mH/km; X0 = 3.32 mH/km;
C1 = 11.33 nF/km; CO = 5.01 nF/km;
R4, R6, R8, R10 Islanding detection relays at DG units
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operation becomes difficult due to the complexity of
observing the system parameters. The main target of this
paper is to improve the performance of PDMs and elimi-
nate the NDZ for DG units based on rotational energy
conversion. This study introduces a passive detection
scheme for multi-distributed generation units. The pro-
posed scheme is based on a new index, entitled the
islanding index, to detect the islanding event of DG units.
Moreover, a band of harmonics is utilized as a further
index called harmonics index to assist the detection of
the islanding condition at a close power match. The strat-
egy starts with voltage and frequency measurements at
the DG site, and then Fourier analysis is used to extract
the fundamental voltage signal and its harmonics in
order to calculate the islanding index and harmonics
index as follows:

4.1 | Fourier analysis (discrete Fourier
transform)

The analysis of this strategy starts with extracting the
fundamental voltage signal and its harmonics at each DG
unit. A Fourier analysis over a sliding window of one
cycle of the fundamental frequency (60 Hz) is first
applied to the measured voltage signals at the DG unit. It
computes the phase voltages, Va, Vb, and V¢, at a speci-
fied frequency as follows.

Let v(m) be a discrete-time periodic voltage signal
measured at the target DG unit. Let M samples be den-
oted as v(0), v(1), v(2), v(m)..v(M — 1). The discrete Fou-
rier transform (DFT) of the discrete voltage signal v(m) is
denoted by V(h) and given by,

M-1

V(h)= > v(m)e 2m/M (1)

m=0

where h = 0, 1, 2.... M — 1. We can get the discrete form
of the voltage signal v(m) from its DFT by using inverse
discrete Fourier transform (IDFT) as follows.

v(m :iM_IVh e J2rhm/M 2
m)= > Vi @)

Now, we can write the DFT equation as follows:

M-1
V(h)= Z v(m) Uyt (3)
m=0
where Uy = e 127/M

Now, the equation of DFT could be evaluated for the
fundamental frequency and harmonics (h =0, 1, 2,..., M
—1). For M-point voltage vector, vM and M X M matrix
Uy, the DFT equation can be written in the matrix form
as follows:

VM:UMVM
[ V) 7 rl 1 1 1 117 v(0) 7
V(1) 1 Uy U Uy v(1)
V(2) 1 U Ui L UMY v(2)
lviM-1)|  [1 uP™Y gEMeY g MEDMD |y -1) |
(4)

IDFT may be written in the matrix form as follows:

M= UI\_,II VM (5)
-1 1 *
where U, = MUM

Uy, is the complex conjugate of Uy,.

4.2 | Theislanding index Kg

The proposed islanding index mainly depends on the var-
iations in the system frequency and the fundamental
voltage signal. Now, we can evaluate the phase voltages,
Va Vi, and Vo, for the fundamental frequency (at h = 1).
Then the positive sequence component, V,of the voltage
(60 Hz) is obtained as follows:

Vi=(Va+aVy+a’V.)/3wherea=1120°  (6)

In the next step, the frequency (f) is measured at the
target DG unit, and then the islanding index is calcu-
lated. The islanding index K is defined by Equation (7)
as a function of the voltage and frequency variations as
follows.

K= [(avy== -] (7)

where AV and Af represent the changes in the system
voltage (in per-unit) and frequency, respectively, and K,
is a constant, which relies on the measured frequency.
These changes in the system voltage and frequency are
given by the following equations:
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AV =|Vs—Vy|inpu (8)

Af =|fs—fylinHz ©)

where V}, and V; are the base voltage and measured volt-
age of the system, respectively. Moreover, f, and f; are the
base frequency and measured frequency of the system,
respectively. K, is a constant, which has two values
deduced as follows:

According to IEEE standard-1547-2011, the system
frequency should be between 59.3 and 60.5 Hz.
According to those limits, the upper difference is 0.5 Hz
(60.5-60) and the lower difference is 0.7 Hz (60-59.3).
Therefore, in order to have one threshold corresponding
to the upper and lower differences of the frequency, the
constant, K,,, should have two values; first, K;;, equals 0.5
when the measured frequency, f;, is higher than 60 Hz.
Second, K, equals 0.7 when the measured frequency, f;,
is lower than 60 Hz.

4.3 | The threshold value K, of the
islanding index

As mentioned earlier according to IEEE standard-
1547-2011, the system voltage should be between 0.88
and 1.10 pu. Moreover, the system frequency should be
between 59.3 and 60.5 Hz. In this study, the base volt-
age, Vp,, is 1 pu and the base frequency, f;,, is 60 Hz.
Now, we can easily calculate the threshold value, K, for
islanding detection from the definition of Kg given by
Equation (7).

a) Consider the lower limits of the voltage and fre-
quency (0.88 pu and 59.3 Hz). According to Equation (7);

Af=1Ifs 1ow — fol =159.3 — 601 = 0.7 and k,, = 0.7

AV =|Vsiow—Vp|=10.88—1| =0.12pu

Using the previous

Ko= |(AV)* ™Y —1] = [(0.12)°777-1] =0

data, we get

Consider the upper limits of the voltage and fre-
quency (1.10 pu and 60.5 Hz). According to Equation (7);
Af: |fs high —fb| =160.5 — 60| = 0.5 and km =0.5

AV = |Vshigh_Vb| = |1.10—1| :O.lOpu

Using the
Ko= [(AV)Sm=o _ 1} = [(0.10)°37%° —1] =o.

previous data, we get

We can make two important observations here. First,
the threshold value, K ,has the same value (zero) at the

T WILEY-L

upper and lower limits of the system voltage and fre-
quency. Second, the situation is defined as an islanding
operation if the islanding index, Ks, has a positive value
as follows.

During normal operation and system disturbances,
the voltage and frequency are within the allowed limits.
Therefore, the difference (K, — Af) will be positive and
the factor (AV) =% will be always less than 1. Conse-
quently, the islanding index, Kg, will be always less than
zero (negative).

However, during islanding operation, the voltage and
frequency are outside the allowed limits. Therefore, the
difference (K, — Af) will be negative, and the factor
(AV)¥» =% will be always higher than 1. Consequently,
the islanding index, K, will be always greater than zero
(positive).

To aid the indication of the threshold value, K, for
islanding detection from the definition of Kg, we show
the islanding index vs the frequency plot in Figure 2 at
the upper and lower limits of the voltage changes (0.10
and 0.12 pu respectively).

4.4 | The harmonics index K},

The grid islanding switching effect and distributed gener-
ation units, which considered a source of harmonics with
a noticeable value of harmonics that depends upon the
generator design and its power electronics technology,
produce distorted voltage. The harmonic distortions in
voltage waveform are negligible in the grid-connected
mode of operation since the utility grid acts as a strong
voltage source. During islanding operation, the voltage
harmonics vary considerably owing to the current har-
monics produced by the power electronics converters and
the grid switching.

During the Fourier analysis (DFT) of the distorted volt-
age signal in case of islanding operation, a set of har-
monics is observed and depends fully on the case study
system. This set is all harmonics starting at the second har-
monic and ending at the eighth harmonic. Summation of
the magnitudes of those harmonics is defined as the har-
monics index, Kj,, and is given by the following equation.

Kn=> V(h) (10)
h=2

Table 2 shows the percentages of those harmonics rela-
tive to the fundamental component of the voltage during
normal operation and islanding at a small power mismatch.

As shown in Table 2, the harmonics index, Kj,,, dur-
ing islanding at a small power mismatch is higher than
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(A) Islanding Index (B) Islanding Index
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Frequency Hz Frequency Hz
FIGURE 2 Islanding index at the upper and lower limits of the voltage. (A) AV = 0.10 pu (B) AV = 0.12 pu [Colour figure can be

viewed at wileyonlinelibrary.com]|

TABLE 2 The percentages of harmonics relative to the
fundamental

Percentage at Percentage
Islanding at small  at Normal
Harmonic order power mismatch operation
2nd harmonic (120 Hz)  1.74 0.10
3rd harmonic (180 Hz)  0.47 0.09
4th harmonic (240 Hz)  0.43 0.09
5th harmonic (300 Hz)  0.53 0.01
6th harmonic (360 Hz)  0.37 0.12
7th harmonic (420 Hz)  0.35 0.07
8th harmonic (480 Hz)  0.25 0.10
Total percentage 4.14 0.58

the harmonics index during normal operation. Conse-
quently, the threshold of the harmonics index, K,
should be less than or equal to 4.14% (relative to the fun-
damental component) to include islanding situation at a
small power mismatch. Therefore, in this study, the
threshold of the harmonics index, K, is set to 4% as a
safety margin for stability and is given as follows:

Kho = 4% X Vpp (fundamaental) = 4% x 11547 =462V (11)

The harmonics index, K}, is used as an assistant index
to the islanding index only in the case of islanding opera-
tion at a close power match.

4.5 | The proposed islanding detection
method

The proposed method starts with measuring the phase
voltages and frequency at each DG unit in the network,

Start

£ X

Voltage & Frequency
Measurements

¥

Calculate K

v

Calculate Kh

Islanding Situation
! v

! I Isolate DG unit |
: v

End

! Initiate Speed
! Reduction strategy

FIGURE 3 Flowchart of the proposed algorithm

and then the islanding index, K, and the harmonics
index, K, are calculated as mentioned earlier. The pro-
posed islanding detection method follows the flowchart
illustrated in Figure 3. The following sections explain the
proposed strategy through the different situations of
islanding condition.
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45.1 | Islanding at a large power
mismatch

In this case, the islanding situation is detected when the
islanding index, K, has only a positive value as illustrated
in Figure 2.

4.5.2 | Islanding at a close power match
In this case, the islanding index, K;, has a negative value
and islanding situation detection is impossible. This prob-
lem is fixed by utilizing the harmonics index. When
islanding condition happens, the current harmonics gen-
erated by the inverters are transmitted to the loads,
which generate voltage harmonics that can be measured.
The variation of harmonics index beyond a certain
threshold can be used to initiate a strategy called speed
reduction strategy (SRS). SRS reduces the speed of DFIG
by 5% in order to change the output power of the DG
units for a certain time (300 ms). The purpose behind
SRS is to transform the islanding situation from a close
power match to a large power mismatch. This action
leads to a remarkable variation in the islanding index, K,
and becomes positive because of the loss of the utility
grid. The islanding relays at the DG units detect those
variations and trip the DG units. The dotted part in the
flowchart indicates this case.

4.5.3 | Separation of some DG units from
the network

In the case of one or more DG units isolated from the rest
of the system and continue providing the loads in the
islanded portion, in such situation, the islanding is
detected with the same way mentioned earlier in the pre-
vious sections.

4.5.4 | Sudden load changes

During sudden load changes, the islanding index has a
negative value, but the harmonics index variations may
exceed the threshold. In such situation, a case of
islanding condition is suspected and the islanding relay
at the DG bus is alerted for an impending islanding sit-
uation. The islanding relay initiates the SRS and the
islanding index, K, is monitored. If the islanding
index, K, has a positive value, the condition will be
defined as an islanding condition; otherwise, the condi-
tion will be defined as sudden load changes (normal
operation).

e WILEY-L

5 | THE PROPOSED STRATEGY
PERFORMANCE

The multiple DG system shown in Figure 1 is simulated
for different conditions to demonstrate the proposed
strategy performance. The detailed simulation studies
have been conducted with MATLAB/SIMULINK soft-
ware and various cases have been considered: normal
operation, islanding operation, sudden load switching,
transient voltage dip, DG unit switching, capacitor
switching, asymmetrical faults, etc. During all simula-
tions, the circuit breaker of the utility grid opens at
t = 0.6 second, which creates an islanding condition. The
following sections explain the cases under consideration.

5.1 | Islanding condition at a large
power mismatching

When the DG units operate in a grid-connected mode
(normal operation), the system parameters are
maintained by the utility grid. However, when the utility
grid is disconnected, the support of the distribution net-
work is lost. Thus, the system parameters are affected
and the islanding index, Kg, is changed considerably.
Simulation results presented in Figure 4 show the
islanding index during normal and islanding conditions
for the system described in Section 3. It can be seen from
Figure 4 that once the islanding condition happens at
t = 0.6 second, the islanding index increases significantly
and becomes greater than zero at each DG unit. The
detection time of the islanding condition at each
islanding relay is almost 150 ms. The proposed scheme
can easily and rapidly detect the islanding condition with
large power mismatches. During simulation, the total
load demand is 16 MW and 2 MVAR, and for the DG sys-
tem it is 20 MW and 5 MVAR. The power mismatch is
4 MW and 3 MVAR during this case.

5.2 | Islanding condition at a close
power matching (zero power mismatch)

In this scenario, the support of the distribution network
is lost and the system voltage and frequency are still
within the allowed limits as shown in Figure 5. There-
fore, no significant changes are detected in the islanding
index, K, as indicated in Figure 6. However, consider-
able changes are detected in the harmonics index, Kj,
due to loss of the grid as indicated in Figure 7. These
variations are used to initiate the SRS at each DG unit
according to the flowchart, and the islanding index is
observed. The simulation results of Figure 8 show that
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Islanding index at DG units during normal operation and islanding at zero power mismatch without initiating SRS
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FIGURE 7 Harmonics index Kj, at DG units during normal operation and islanding at zero power mismatch without initiating SRS
[Colour figure can be viewed at wileyonlinelibrary.com]

relay is almost 350 ms. The total load demand during
simulation is 20 MW and 5 MVAR and the power mis-
match is zero.

once SRS is initiated at ¢ = 0.65 second, the islanding
index increases significantly and exceeds the threshold
at each DG unit. The detection time in this case at each
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FIGURE 8 Islanding index at DG units during normal operation and islanding at zero power mismatch with initiating SRS [Colour
figure can be viewed at wileyonlinelibrary.com]

5.3 | Sudden load change 5.4 | Voltage dip and voltage rise

In this case, the response of the proposed method will In this case, the proposed method response in non-
be further investigated for a sudden load change. The  islanding circumstances is also tested for power quality
proposed method is tested by simulating the test sys- disturbances. Voltage dip (V. D) and voltage rise (V. R)
tem under a large load connection. A load increment of  are power quality disturbances that lead to a change in
4 MW and 1 MVAR is simulated at t = 0.15 second at  voltage of the system. During the simulation, the voltage
bus B1, when the total load is 16 MW and 4 MVAR. is reduced to 90% of its rated value from 0.2 to
Simulation results of Figure 9 show that no significant 0.4 seconds and then increased to its rated value. It is
changes are observed in the islanding index with  clear from Figure 10 that when such disturbances occur
regard to load increment at t = 0.15 second. However, (from 0.2 to 0.4 second), small variations are detected in
considerable changes are detected in the harmonics  the islanding index and still below the threshold. More-
index, Ky, due to the sudden load change as indicated over, an islanding condition is simulated at ¢t = 0.6 second
in Figure 10. These variations initiate the SRS at each  as illustrated in Figure 11 in order to discriminate
DG unit, and the islanding index is monitored. The between the cases. The simulation results show that the
simulation results of Figure 9 indicate that no signifi- proposed method discriminates the power quality distur-
cant changes are also observed in the islanding index  bances from the islanding events.

after SRS is initiated at ¢ = 0.2 second. In general, such

sudden changes have no effects on the proposed

method. Another islanding event at a close power 5.5 | Islanding condition due to isolation
match is also simulated at t = 0.6 second and SRS is  of DG units from the network

initiated at t = 0.65 second as illustrated in Figure 9 in

order to show the effect of SRS and discriminates In this scenario, two DG units (3 and 4) are islanded
between the two cases. and continue feeding the local loads (L3 and L4) in the
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FIGURE 12 Isolation of
- DG1 DG units (3 and 4) and the loads
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[Colour figure can be viewed at
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islanded region while the other DG units (1 and 2) are
still connected to the utility grid as shown in Figure 12.
This islanding situation is simulated by disconnecting
the transmission line (R7-R8) which isolates DG units

work

3 and 4 (10 MW and 2 MVAR) and the local loads L3
and L4 (8 MW and 2 MVAR) from the rest of the net-

(the part inside the dotted rectangle in

Figure 12).
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The simulation results of Figure 13 illustrate that once
the DG units (3 and 4) are separated from the network at
t = 0.6 second, the islanding index at DG3 and DG4
exceeds the threshold, and the islanding index at DG1 and
DG?2 is below the threshold. This condition is clearly iden-
tified as islanding situation by islanding detection devices
at DG3 and DG4. However, no action is done at the DG
units (1 and 2) because they are outside the islanded
region. The proposed method functions properly and
detects islanding events under such conditions.

e Te] WILEY-L =
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5.6 |
events

Tripping of DG unit/DG switching

One of the major events which may cause wrong perfor-
mance in islanding detection methods is sudden DG
switching events. To further investigate the proposed
method performance, sudden tripping of DG unit case is
simulated. This scenario is simulated by a disconnected
DG unit (3) at t = 0.2second and DG unit (4) at
t = 0.4 second. Figure 14 indicates that once DG unit
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(3) or (4) is disconnected from the system, no remarkable
variations are observed in the islanding index at other
DG units (1 and 2) due to the existence of a robust grid.
As a result, such tripping events have no influence on the
proposed method.

5.7 | Capacitor switching

The response of the proposed scheme in non-islanding
conditions is also tested by simulating the system under a
capacitor switching. In this scenario, a capacitor of
SMVAR is switched on the network at bus DG3 at
t = 0.2 second and switched off at t = 0.4 second when
the total load demand is 20 MW and 5SMVAR. During the
capacitor switching, the voltage and frequency are within
the allowed limits as indicated in Figure 15 and no signif-
icant changes are also detected in the islanding index as
shown in Figure 16. However, remarkable changes are
observed in the harmonics index at DG units as illus-
trated in Figure 17. Therefore, those changes initiate SRS
(at t = 0.25 second and t = 0.45 second) at all DG units
and the islanding index is observed. The simulation
results of Figures 18 and 19 indicate that no changes are
monitored in the islanding index at all DG units after
SRS is initiated. Such switching events have no effect on
the proposed strategy.

5.8 | Unsymmetrical faults

To further demonstrate the ability of the proposed
scheme, unsymmetrical faults are proposed to study the
effect of such faults on the detection of islanding condi-
tion. The proposed scheme is tested under single line to
ground and double line to ground faults. The simulations
are performed in such a way that the faults occur at the
middle of the transmission line (at 30 km), linking DG1
and DG2, at t =0.2second and is cleared at
t = 0.25 second without operation of the circuit breaker.

Simulation results shown in Figures 20 and 21 indicate
that during the single line to ground fault (AG) no remark-
able changes are observed in the islanding index. How-
ever, during the double line to ground fault (ABG), the
islanding index exceeds the specified threshold at some
DG units. Such faults may cause a malfunction for the pro-
posed method. However, all kinds of faults are outside the
scope of this paper, and they have its own protection.
Therefore, to overcome such type of malfunction, a block
signal is sent to form the fault protection relay to the
corresponding islanding relay to ignore this case.

The logic block diagram of Figure 22 indicates this
modification. The proposed method is used only to iden-
tify whether the abnormity at the point of common cou-
pling of the DG unit is a power quality disturbance or an
actual islanding operation.
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6 | DISCUSSION AND NDZ
EVALUATION

As shown in simulation results, the proposed scheme has
a desirable performance in comparison with other pas-
sive methods to detect islanding condition. During

Ks > Ko

Block signal from
Fault protection

FIGURE 22 Logic diagram of the proposed method

islanding at large power mismatches, the islanding is dis-
criminated when the islanding index is higher than zero.
However, the islanding and harmonics indices are used
in conjunction with the speed reduction strategy to dis-
criminate between islanding condition at zero power mis-
matches and system disturbances. The performance of
the proposed scheme is demonstrated through many dis-
turbances, such as sudden load change, capacitor bank
switching, DG tripping, etc. Such disturbances have no
significant influence on the proposed scheme.

The proposed scheme functions properly in all cases
under consideration and is capable of discriminating
between islanding and non-islanding conditions, as well
as it has zero NDZ. A summary of existing islanding
schemes and their evaluation performance with respect

TABLE 3 Summary of islanding methods and their performances
Method Detection
type Methodology NDZ time
Proposed Voltage and frequency Zero Small

method variations
(Passive)
Passive Adaptive identifier for Almost  Small
method® frequency estimation z7ero
Passive Voltage variations Zero Small
method"’
Passive Modified Slantlet transform Almost ~ Small
method*° combined with Neural Zero
network
Passive Neural network combined with Small Small
method"’ fuzzy logic.
Passive Neural network combined with Small Small
method*! phase space algorithm.
Passive Voltage signal combined with Small Small
method"? neural network.
Passive Slantlet transform combined Almost  Small
method* with neural network zero
Passive Hilbert-Huang transform and Almost  Small
method*! learning machine Zero
Passive Singular spectrum entropy Almost  Small
method"® combined with deep learning zero
architecture.
Passive The dynamic behavior of load Small Small
method’
Passive Variational mode Zero Small
method*? decomposition of voltage
signals
Passive Total variation filtering for a Zero Small
method* modal voltage signal

DG configuration

Rotating machine
based DGs

Synchronous and
inverter based DGs

All types of DGs

All types of DGs

All types of DGs

Radial system with
two identical DG
units

Single inverter system

Single inverter system

All types of DGs

Single inverter system

All types of DGs

All types of DGs

Inverter based DG
system

Observations

NO

NO

NO

It needs a large set of data to train and
test the classifier and optimization
algorithms for extracting the desirable
features

It needs a large set of data to train and
test the classifier

It needs a large set of data to train and
test the classifier

It needs massive sample number and
accuracy increases with bigger sample
size

It needs a large set of data to train and
test the classifier

It needs a large set of data to train and
test the classifier

It needs massive sample number and
accuracy increases with bigger sample
size

Threshold for islanding detection
depends on the load type

Threshold value is selected based on
simulation

Threshold value is selected based on
simulation
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to methodology, NDZ, detection time, and disadvantages
are indicated in Table 3.

7 | CONCLUSION

In this study, a new passive islanding detection strategy
has been presented for rotating machine based DGs. The
proposed method is based on the measurements of the
system voltage and frequency to compute two indices
called the islanding index and harmonics index. The
islanding detection mainly depends on the islanding
index. The harmonics index and speed reduction strategy
are used to assist discrimination between islanding condi-
tion at a close power mismatch and system disturbances.
Many system disturbances are simulated to show the per-
formance and effectiveness of the proposed scheme under
all conditions.

The results of the simulation indicate that the pro-
posed strategy functions correctly in islanding and non-
islanding conditions. Furthermore, unlike many detec-
tion methods, a simple computational procedure has
been presented to calculate the threshold for islanding
detection. This threshold is important so that it avoids
the non-detection zone. Moreover, the proposed scheme
has “zero” NDZ, as demonstrated in the simulations, and
can be applied for rotating machine-based DG units. Dur-
ing the simulation, the maximum detection time of the
islanding situation is about 350 ms. Finally, the scheme
is simple, easy to implement in practice, and has no effect
on the power quality or the stability of the network.
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