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ABSTRACT Grid-connected microgrids pose a risk of unsuccessful transition to islanded operation due to
unintentional islanding. The success of this transition is influenced by different factors, such as the operating
point, the controls, and the islanding detection scheme. This work proposes a methodology to access the
probability of a successful transition of a microgrid from grid-connected to islanded mode. The methodology
is based on Monte Carlo simulations using probabilistic curves for representing the operating point of the
distributed energy resources, loads, and storage devices. Themethod is validated by performing an analysis of
the islanding transition of a hybrid RE-storage-diesel microgrid, either employing a Battery Energy Storage
System (BESS) or Flywheel Energy Storage (FES). The use of the proposed method allowed an assessment
of the influence of the capacity of the storage units on the success of the islanding transition.

INDEX TERMS Microgrid, islanding transition, distributed energy resources.

I. INTRODUCTION
Microgrids comprise multiple distributed energy resources,
especially renewable, and employ controls and energy stor-
age devices to keep their operation efficient and stable in
both possible operating modes, islanded or grid connected.
In addition, the deployment of microgrids allows not only the
efficient integration of distributed energy resources, but it is
also considered an effective solution for enhancing the grid
resilience, due to their ability of operating in islanded mode
when of the connection to the main grid is lost [1]. However,
to reach this resilience, the microgrid must remain stable
during the different disturbances that these grids are sub-
jected. Among the possible disturbances, the nonintentional
islanding is considered one of the most difficult disturbance
to deal with, mainly because it requires the identification
of the change in the operating mode, grid-connected to
islanded, and a change in the controls of the Distributed
Generation (DG) units [2], [3].

The associate editor coordinating the review of this manuscript and
approving it for publication was Bin Zhou.

Different controls can be applied to improve the microgrid
stability during the transition from grid-connected to islanded
operation mode due to an unintentional islanding occurrence.
In a microgrid, the frequency behavior after disturbance
is critical due to the low inertia, since renewable sources
are connected by converters, which do not have intrinsic
inertia. If the microgrid does not have promptly available
power to supply the loads, a load shedding scheme should be
performed to ensure the islanded operation. These schemes
basically monitor the microgrid frequency and shed the loads
to keep the frequency. However, due to the low inertia of
microgrids, the microgrid can lose stability during the island-
ing transition, even with enough power due to the delay in
changing the DG control mode [4].

For the wind generators, synthetic inertia can be used to
support frequency during the transition to islanded mode.
Besides, there are controls proposed in the literature to
improve the voltage and frequency variations during this
transition. A fast response of these controls depends on the
identification of the islanding condition. Once the islanding
condition is identified, a signal is sent to a centralized or a
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distributed control scheme of the microgrid, which changes
the DG units control objectives to provide both voltage and
frequency support to the islanded microgrid (Vf mode). The
voltage and frequency variations, as well as the microgrid
stability, depends on the load-generation unbalance and on
the controls used in the microgrid [2].

Considering that one of the advantages of microgrids is
supplying the needs of local consumers in a continuous and
safe way, load shedding is being considered as the last alter-
native to avoid instability. Several aspects must be accounted
for to enable a successful transition, for example, the low
inertia and intermittency, characteristics of renewable energy
sources, which can compromise the stability of the microgrid
during the islanding transition.

Thus, the islanding transition may fail due to different
factors or a combination of these factors. A typical issue for
the transition is the performance of the islanding detection
scheme. Delays in identifying the islanding condition may
result in maintaining the operation without changing the con-
trols of DG units. In this case, any variation of the load will
result in large excursions of voltage and frequency. The low
inertia of these systems is also an issue and results in high
rate of frequency change when the power imbalance is high
at the islanding occurrence. Additionally, issues related to the
control settings may also impact in the performance of the
microgrid in the transition to islanded operation.

Different studies have shown that the deployment ofmicro-
grids improves the resilience of power distribution systems,
as pointed out by simulations studies presented in [5]–[11].
In [5], it is described a methodology to quantify the eco-
nomic and resiliency benefit provided by renewable energy
in a hybrid RE-storage-diesel microgrid, focusing on quan-
tifying the outage survivability associated with renewable
system. References [6]–[10] show that microgrids can keep
supplying the loads during an interruption from the utility
distribution grid and propose different strategies to extend
load capacity of themicrogrid in the islandedmode. However,
the approaches do not evaluate the transient behavior of the
microgrid during the islanding transition.

In [11], it is proposed a method to increase reliability
of supply for distribution networks during an emergency in
the power system by intentionally separating parts of the
distribution system from the main grid to avoid the collapse
of the complete system. The paper proposes an Islanding
Security Region (ISR) to provide security assessment of
islanding operation, including grid code requirements as cri-
teria for successful islanding transition assessment. Using
the proposed method, it is possible to determine, by com-
paring the system operating state with the ISR, whether or
not the system could be successfully islanded. The method
can be used by the system operator for planed actions, that
is, for intentional islanding. However, the method cannot be
used for the assessment of unintentional islanding transi-
tion. In these cases, the system operating state is uncertain,
especially considering the high rate of renewables connected
as DG.

It is possible to find in the literature papers that propose
methods to improve, or analyze, the success of the islanding
transition for a given part of distribution system supplied by
DG or for a microgrid [2], [3], [6], [7], [9]. Most of them
propose methods to improve the transition or analyzes the
main aspects that impacts the transition and performs the tests
for specific operating conditions. It can also be found papers
that computes reliability indexes based on the failure rates
of the microgrid components, but that do not comprise the
probability of successful transition to a new operating mode
considering the operating conditions.

In this context, the contribution of this paper is the
assessment of the successful rate of unintentional island-
ing transitions of a microgrid. The proposed methodology
calculates the probability of success of the islanding tran-
sition. It allows modeling the main factors that influence
the stability of the microgrid, such as the controls used in
the generation units, the power exchange prior to islanding,
and the schemes used to detect the islanding condition. The
method is based on Monte Carlo Simulation (MCS), and it is
validated considering a hybrid RE-storage-diesel microgrid,
originally composed of a wind generator and a synchronous
generator. As energy storage systems can be used to increase
the successful rate, a Battery Energy Storage System (BESS)
is connected to evaluate the impact on the islanding transition,
as well as a Flywheel Energy Storage (FES).

The remaining of this paper is organized as follows:
Section II briefly introduces the nonintentional islanding
of microgrids; the proposed methodology is presented in
Section III; the system is modeled in Section IV; Section V
presents the simulation results; discussions are addressed in
Section VI. And finally, section VII presents the conclusions.

II. UNINTENTIONAL ISLANDING OF MICROGRIDS
Amicrogrid is stable if, after being subjected to a disturbance,
all variables return to a steady-state value that satisfies the
operational restrictions, without the involuntary occurrence
of load shedding [12], [13]. For a microgrid, the noninten-
tional islanding is considered one of the most difficult distur-
bances to deal with, mainly because it can occur in adverse
operating conditions for the controls to restore frequency and
voltage.

In the grid-connected mode, the utility grid is responsible
for imposing the voltage and frequency of the microgrid.
In this condition, stability depends on the characteristics of
the connection point and on the behavior of the individual
components connected to the microgrid [4]. In the islanded
mode, the control of the frequency and voltage is performed
by the resources present in the microgrid and to maintaining
a stable operation can be more challenging due to the high
penetration of renewable generation; high uncertainty in the
system; low inertia; higher R / X ratio of the feeders; low
short circuit capacity; less available power; and unbalanced
three-phase loads [4], [14]–[16].

Assuming that the utility grid does not demand a fixed
active or reactive power injection at the Point of Common
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Coupling (PCC) during the microgrid connected operation,
typically, distributed synchronous generators operate with
constant power factor and constant active power (PQ mode)
and wind generators with constant power factor and the
active power as a function of wind speed [17]–[19]. In an
islanding event, the control mode of the excitation system
of synchronous generators is changed to maintain the system
voltage, as well as the speed regulator must be changed to
maintain the system frequency (Vf mode). The wind genera-
tion, in turn, can contribute to the system’s voltage control
and temporarily to the frequency support, using synthetic
inertia control [17], [18], [20]. After the islanding occurrence,
the new operating mode should be identified, then a signal
is sent to change the controls of the DG units to support
the grid frequency and voltage. In this process, variations in
voltage and frequency depend on the operating condition of
the network at the instant of islanding; the disturbance that led
to the formation of the island; the islanding detection time,
and the alteration of the controls of the DG units responsible
for supplying the loads [21].

As a result, this transition can result in large variations in
voltage and frequency, which are related to the unbalance
between the active and reactive powers generated and con-
sumed at the instant of the islanding occurrence. Thus, the
greater the imbalances of the active and reactive powers, the
faster changes in the control mode must be implemented.
Control strategies can be used in microgrids for smooth
transfer from grid-connected to islanded operation [22], [23],
which have an influence on its stability. However, the effectiv-
ity of these controls also depends on the operation point and
the islanding detection time. For example, in [24], it is pos-
sible to verify that for some operating conditions, the voltage
can violate the lower limit during an islanding transition.

The islanding detection time also influences the successful
rate in islanding transitions and depends on the technique
employed. Islanding detection techniques can be classified
into two main groups: remote or local techniques. Local
techniques are classified into passive, active and hybrid tech-
niques. Each method has its advantages and disadvantages,
depending on their viability [25]. The detection time can
be detrimental to islanding transition when methods based
on local measurements are employed and, as consequence,
they should be considered in the assessment of the islanding
transition.

The remote techniques are efficient and reliable in detect-
ing the operating condition and can be used both to detect
the occurrence of islanding and to detect the reconnection
of the islanded network to the utility grid. These techniques
are based on the communication between the control and
protection devices of the electric network and, thus, they
detect the operating condition using the information of the
state of the switching devices.

Remote techniques can detect islanding quickly, however,
they result in high complexity and high installation costs [26].
In addition, currently, most distribution networks do not have
a communication system, thus, to not limit the islanded

operation of microgrids, techniques that do not depend on
communication systems for island detection should be con-
sidered in the planning of microgrids.

Local island techniques are based on measurements of
voltage, frequency, harmonics, etc., at the terminals of the DG
units. These techniques are divided into passive and active.
The local active techniques are based on response of the
network after the insertion of small disturbances, which is
different if the network is islanded or connected. In this way,
a small disturbance is introduced into the network whenever
it is necessary to check the status of the network. Typically,
the range of these disturbances is milliseconds [27].

The local passive techniques are based on the behavior of
voltage and frequency signals. The changes in these signals
occur due to the unbalance between the power generated by
the DG and the power consumed by the loads of the islanded
network at the islanding occurrence. These techniques are
considered the first option among the techniques for islanding
detection, as they employ local schemes usually available,
as relays [28]–[32], or can be easily implemented in con-
troller [33].

Techniques that use frequency or voltage relays are practi-
cal since the relays are easily obtained on the market at a low
cost [28]–[32]. Additionally, in the literature, it is possible
to find efficient schemes employing different techniques to
detect the islanding. In [34], an intelligent islanding detec-
tion method is proposed based on intrinsic mode function
feature-based grey wolf optimized artificial neural network.
Both ensemble learning and canonical methods are consid-
ered for the islanding detection technique of synchronous
machine-based distributed generation in [35]. Kalman filter is
used to extract and filter the harmonic contents of the voltage
signal at DG terminals to identify the islanding operation
in [36]. A passive islanding detection scheme using varia-
tional mode decomposition-based mode singular entropy for
integrated microgrids in [37].

However, passive techniques may fail when the differences
between generation and demand are small at the moment of
islanding, in these conditions the voltage and frequency vari-
ations may not be sufficient to reach the values that sensitize
the relays [38], [39].

Hybrid techniques, which consists of using passive
and active techniques can compensate the Non-Detection
Zone (ZND) of passive techniques and inject less distur-
bances into the grid, compared to the active techniques [40],
[41]. For example, methods proposed in [40], [41] are capa-
ble of detecting the islanding or reconnection condition of
the microgrid using voltage and frequency measurements.
In situations where the variations in voltage and frequency
are not sufficient to guarantee the islanded condition, a dis-
turbance in the Synchronous Generator (SG) reference power
is injected into the network, using variations in voltage
and frequency to identify the operating status of the net-
work. As a result, hybrid techniques for islanding detection
present a high potential to enable a suitable operation of
microgrids.
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Considering all factors discussed, after the islanding occur-
rence the criteria for assessing if the procedure were success-
ful should include checking if the system response complies
with the grid code requirements and the mandatory frequency
and voltage tripping. Thus, in view of the great variety of
controls and operating conditions involved in the islanding
transition, a methodology to access the successful rate of this
procedure is presented in the next section.

III. PROPOSED METHODOLOGY
As discussed in the previous sections, the success of the
islanding transition highly depends on the performance of the
controls applied to regulate frequency and voltage. However,
the effectivity of these controls is associated to the operating
point, which is a combination of load and generation. Thus,
to estimate the probability of the success of the islanding
transition of a microgrid, it is necessary to consider all pos-
sible combination of operating conditions, which requires
modeling the elements that have a stochastic behavior. These
elements are loads, solar and wind generation, and BESS.
In the case of the BESS, the state of charge should be consid-
ered since it represents the energy that the BESS can inject
into the grid to ensure a successful transition.

In this sense, a methodology is presented for computing the
probability of successful island transition. The methodology
is based on MCS, performed using the operating conditions
given by the probabilistic distribution functions to estimate
load, generation, and state of charge of BESS [42]. The
MCS is a statistical method that randomly assigns values to
the input variables of the system according to their distri-
bution function. The MCS is one of the main alternatives
to assess performance of energy systems considering uncer-
tainty of renewable energy source. The flowchart shown in
Fig. 1 presents the procedure to calculate the probability of a
successful islanding transition.

As one can see, the first step of Fig. 1 consists of obtaining
probabilistic distribution curves for generation, load and State
of Charge (SoC) of the BESS in themicrogrid. Then, based on
these distribution functions, samples of generation, load, and
SoC are generated, which are used as input of themicrogrid to
simulate an islanding occurrence. The system response is then
used to check the criteria for islanding assessment, according
to the grid code. If the voltage and frequency respect the
grid code requirements, the islanding transitions was suc-
cessful, if not, the islanding transition failed. Following, the
successful islanding transition probability is estimated by
using:

E(X ) =
1
N

N∑
k=1

Xk (1)

where E (X) is the value that is being estimated. In this case
the probability of success of islanding;Xk represents the result
for the k-th simulation, with ‘‘1’’ for the successful case and
‘‘0’’ for the failed transition; and N is the total number of
simulations.

FIGURE 1. Flowchart of the proposed methodology.

The convergence of the system is verified by the dispersion
coefficient, β, which is related to the homogeneity of the data
of the evaluated system. Thus, the dispersion coefficient, β,
will be responsible for indicating that the system has achieved
the required minimum reliability. The dispersion coefficient
is calculated as follows:

β =
σ [E (X)]
E (X)

.100% (2)

The standard deviation, σ , is the square root of the vari-
ance, which is used as the data dispersion indicator with
respect to the mean arithmetic sample.

Therefore, the value of σ [E(X )], given by:

σ [E(X )] =
σ (X)
√
N

(3)

And σ (X) is calculated by:

σ (X ) =

√√√√ 1
N − 1

[
N∑
k=1

X2
k − NE(X )

2

]
(4)

The value of the dispersion coefficient, β, indicates the
convergence of the method. A reference value in the range
of 2% is normally used, therefore, the simulations reach
the convergence when a value lower than this is reached,
otherwise, the simulations must continue [42].

A. PROBABILISTIC LOAD DISTRIBUTION MODEL
The loads in distribution networks, due to their different
composition and variations, are difficult to represent and
the use of a simple Gaussian distribution isn’t sufficient
for this purpose [43]. Several works that use probabilistic
distribution functions to reproduce the load variation can be
found in the literature, such as: normal logarithmic in [44],
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beta in [45], [46], Weibull [47], and a grouping of various
functions in [48].

However, these representations are not comprehensive
enough to represent all types of loads. In this sense, the
Mixed Gaussian Distribution Method (GMM) has been used
for this purpose and has the advantage of representing a wide
variability of loads, it is composed of a convex mixture of
several normal distributions with their respective means and
variances. However, one of its drawbacks is the parametric
estimate of the weight, mean and variance of the Gaussian
mixture. Usually, the Expectation Maximization (EM) algo-
rithm is used to calculate the parameters of this distribu-
tion [49], its function is to find the maximum probability of
the parameters in a given set of an underlying distribution,
when the data contains missing or incomplete values. So,
in this paper it is used the GMM [50], which is represented
by:

f (z | γ ) =
Mc∑
i=1

ωif
(
z |µi,

∑
i

)
(5)

Therefore, we can say that for each probability distribution
‘‘f’’ there is a mixed component, which, in turn, presents an
associated probability ωi being it the weight of the mixture.
Where, MC represents the number of mixed components
and ωi represents the weight of the i-th mixed component,
subject to ωi > 0 e

∑Mc
i=1 ωi = 1. γ is selected from the

parameter set 0 =
{
γ : γ =

{
ωi, µi,

∑
i
} Mc
i=1

}
. Therefore,

for each density component that belong to a random variable
gaussian function d-dimensional z, with a mean vectorµi and
covariance matrix

∑
i , the density function of each mixing

component f
(
z |µi,

∑
i
)
is a normal distribution given by:

f
(
z |µi,

∑
i

)
=

1

(2π)d/2det(
∑

i)
1/2

× e

(
−

1
2 (z−µi)

T ∑−1
i (z−µi)

)
(6)

In a microgrid, load measurements are commonly
available. These measurements can be used in an algorithm,
as presented in [49] to calculate the parameters of the
distribution function.

The system load probability distribution, presented in
Fig. 2, was generated using the aforementioned procedure.
It is observed that the load distribution of the system does
not follow any known distribution function which cannot be
represented by a simple distribution function.

B. PROBABILISTIC WIND DISTRIBUTION MODEL
Considering that the Weibull distribution function is the most
used probabilistic distribution function to describe the wind
distribution [51], it is the one adopted to represent the wind
distribution in the work.

Fw (ν) =
(
k
c

)(v
c

)k−1
e−(ν/c)

κ

(7)

FIGURE 2. Probabilistic load distribution.

where, ‘‘v’’ is the wind speed in m/s, ‘‘c’’ the scale parameter
in m/s and ‘‘k’’ the shape parameter (without dimension).
Data of wind distribution is commonly available for sites with
wind turbines installed, so this data can be used for modeling
the distribution function of the wind in the microgrid.

C. PROBABILISTIC DISTRIBUTION MODEL OF THE STATE
OF CHARGE OF THE BATTERY
In order to generate random samples of SoC, the multivariate
normal distribution was used, it is composed of two param-
eters a covariance matrix 6, and a mean vector µ that are
analogous to themean and variance parameters of a univariate
normal distribution [52], [53].

The Probability Density Function (PDF) of the
d-dimensional multivariate normal distribution is:

Y = f
(
x, µ,

∑)
=

1√⌊∑⌋
(2π)d

exp
(
−
1
2
(x − µ)

∑−1
(x − µ)∗

)
(8)

where µ and x are 1-by-d vectors, and 6 is a d-by-d sym-
metric, positive definite matrix. Thus, the multivariate normal
Cumulative Distribution Function (CDF) calculated at x is the
probability that a random vector v, distributed as multivariate
normal, lies within the semi-infinite rectangle with upper
limits defined by x:

Pr {v (1) ≤ x (1) , v (2) ≤ x (2) , . . . , v (d) ≤ x (d)} (9)

Thus, this distribution function should represent the SoC
of the BESS installed at the microgrid. It is important to have
an estimation of the storage systems capability to provide fre-
quency support during the islanding transition of a microgrid.

IV. MODELING THE MICROGRID
The proposedmethodology is applied in the system presented
in Fig. 3.In this system, the microgrid is illustrated in the area
highlighted by the dotted line. The microgrid consists of a
distributed synchronous generator (DG1), a wind generator
(DG2), load and two possible storage systems, a flywheel
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FIGURE 3. Test distribution system.

storage system (FES), considered in the configuration pre-
sented in Fig. 3 (a), and a Battery Energy Storage System
(BESS), presented in Fig. 3 (b). DG1 presents a nominal
power of 3.3 MW and DG2 presents a nominal power of
0.7 MW. In the microgrid, FES and BESS present droop
controls to provide frequency support to the microgrid during
the disturbance due to the islanding transition.

In the simulations, islanding occurs by the opening of
Switch B located between bus 2 and the substation at 4s of
simulation. After the islanding detection, the control of the
synchronous generator, connected to bus 4, is changed to
regulate the frequency and voltage of the microgrid. In this
case, the frequency and voltage controls are performed by
the synchronous generator and during disturbances the other
sources will also provide temporary support.

In the control of the DFIG-based wind generator (DG2),
two control loops are incorporated in the rotor side converter
to provide temporary frequency support to the microgrid
during the islanding transition. These control loops provide
frequency support by releasing the kinetic inertia contained
in the rotating masses as a function of the frequency devia-
tion, considering a droop control, and as a function of rate
of change of frequency (ROCOF), as presented in Fig. 4.
In Fig. 4, (1f) refers to the frequency deviation, in relation
to the nominal frequency, (fnom), and the frequency of the
network (f), the (KDroop), represents the gain of the droop con-
trol, and (KRocof) represents the gain of the ROCOF control.
A signal coming from islanding detection scheme is respon-
sible for activating the control, when the microgrid becomes
islanded. During normal operation, when the microgrid is
either grid-connected or islanded, the DFIG is controlled to

FIGURE 4. DFIG inertial control.

maximum power by the use of the Maximum Power Point
Tracking Control-(MPPT).

Thus, the temporary frequency support provided by the
DFIG is calculated by:

Pd_ref = (PMPPT − (KDrood (f − fnom))−
(
KRocof .f

df
dt

)
(10)

where, PMPPT is the power delivered by the -(MPPT).
Fig. 5 presents the FES, which is composed by an induction

machine coupled to a flywheel and connected to the grid by a
voltage source converter (VSC) with a common DC link and
an LCL filter. The converter control is responsible to keep
the charge of the flywheel under steady state operation and,
in an islanding event, it uses the kinetic energy stored in the
flywheel to deliver power to the grid. When the measured
frequency deviates from the nominal frequency, an error
signal will be sent to PI controllers, generating a signal that
changes the flywheel output power, providing the frequency
regulation [54].

FIGURE 5. Flywheel energy storage.

The BESS consists of a generic model of a non-linear
battery, connected to a voltage source inverter (VSI), as illus-
trated in Fig. 6 (b) [55]. The BEES has two control sys-
tems. The first one is related to its normal operation, which
controls the charge/discharge in normal operation conditions.
Different strategies can be used for this purpose, such as the
ones presented in [56], [57]. In this paper, as the goal is to
simulate the system dynamic response and assess the system
response for different conditions, the SoC of the BESS is
represented by a distribution function, limited to a percentage
of (20 < soc < 70), which represents the limits SoC of
the BESS operation [58]. The second control system imple-
mented in the BESS provides temporary frequency support
to the microgrid during disturbances, as islanding transition.
In this case, the charge/discharge for normal operation will
be interrupted and, if the BESS presents the minimum SoC,
it will provide temporary frequency support using a droop
control, as presented in Fig. 6 (a). This support is activated
when the microgrid is islanded and the frequency variation
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FIGURE 6. BESS droop control.

is higher than a bandwidth of 1 Hz, representing that the
microgrid needs frequency support. During frequency sup-
port, if the battery is discharging and the SoC reaches the
minimum limit, the power injection by the BESS will be
interrupted and it will remain without exchanging power with
the microgrid until the frequency is restored and the charging
is enabled according to the algorithm for charge/discharge for
islanding operation.

The microgrid is provided with a central controller, which
is responsible for exchanging information among the ele-
ments and sending signals to change the controls of the
DG units and storage systems. This control will collect and
process measurements from the PCC voltage, Bus 2 in Fig. 3.
After processing this information, if the islanding is detected,
the central controller will send the signal to other elements of
the microgrid to change their operation mode.

A hybrid islanding detection technique is used [59]. This
technique employs voltage and frequency measurements, as a
passive technique, associated with an active technique that
causes a disturbance in the power of the DG to identify the
operating condition of the network [59], the logic is presented
in the flowchart of Fig. 7. The logic is implemented in the
central controller, the voltage is measured at Bus 2, and
according to the measurement, a signal is sent to DG1 to
change its reference of output power to check if the microgrid
is islanded. If the islanding operation is confirmed, the central
controller sends a signal to all elements of the microgrid to
change their control modes.

Initially, the voltage variations in the network are mon-
itored

(
dv
/
dt
)
, if they exist, the average voltage variation

for five cycles (1vmean,5) is calculated and compared to the
accepted lower limit (1vmin). If the lower limit is violated,
it is checked if there is an island or if there is a disturbance
of a different nature in the network. If (1vmean,5) surpasses
the higher limit (1vmax), the detection algorithm indicates

FIGURE 7. Flowchart of the islanding detection scheme.

the islanding condition. If (1vmean,5) is found between the
lower andmaximum limits, a variation in the reference output
power of the GD is caused. This variation is produced by
means of a step, which must have a small amplitude, it is
suggested in the range between 0.01 to 0.05 p.u, and duration
of a few hundred milliseconds, between 200 to 600 ms. If the
system is operating in islanded mode, the disturbance will
cause the frequency change and islanding can be identified.
This technique showed effectiveness to detect islanding con-
dition with small detection time, which is a requirement for
the islanding transition problem.

V. SIMULATION RESULTS
The simulations were performed using the software MatLab,
using the test system illustrated in Fig. 3, which represents
a microgrid connected to the utility distribution system. The
islanding is simulated by the opening of the Switch B located
between the bus 2 and the substation at 4s of simulation.
The voltage at the PCC is monitored to check if the island-
ing transition is successful. For this purpose, two require-
ments are used. The first one is related to the protection.
The IEEE Standard for Interconnection and Interoperability
of Distributed Energy Resources with Associated Electric
Power Systems Interfaces establishes the standard mandatory
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frequency and voltage tripping requirements, presented in
Table 1 and in Table 2, respectively [60]. These requirements
are standard when no specific settings are required by the
distribution system operator. Thus, once voltage or frequency
reaches these limits, the generators are disconnected from
the microgrid and the islanding transition is classified as not
successful.

TABLE 1. Default settings for mandatory frequency tripping requirements.

TABLE 2. Default settings for mandatory voltage tripping requirements.

Where, ‘‘OF’’ is over frequency and ‘‘UF’’ is under fre-
quency in Hz.

Where, ‘‘OV’’ is over voltage and ‘‘UV’’ is under voltage
in p.u.

Additionally, distribution grid codes related to power qual-
ity should also be considered. According to the Brazilian
distribution grid code, in normal conditions, the frequency
should be maintained in the range of 59.9 – 60.1 Hz. During
disturbances at the distribution system, the frequency should
return to the range of 59.5 – 60.5 Hz in 30s [61]. During
this period, the frequency should stay in the range presented
in Table 3. For voltage, the grid code presents the normal
and critical voltage levels, which are presented in Table 4.
Thus, as it is possible to verify, the trip requirements for
Distributed Energy Resources are more restrictive than power
quality constrains of grid code and will be used as the limits
to identify successful islanding transition.

TABLE 3. Default settings for mandatory frequency tripping requirements.

TABLE 4. Distribution grid code – voltage limits.

Thus, using the methodology described in Section III,
MCS are run to evaluate the probability of success islanding
transition. Samples of load, wind, and status of charge of
the battery, SoC, are generated. The wind distribution is
represented by vm = 7.88 m/s c=8.89 and k=2.The multi-
variate normal distribution was used to generate the battery
charging samples and the Gaussian mix model with three
components was used to model the load. The proportions of
the distributions, primer component, second component and
third component are presented in Tables 5, 6 e 7. Following
the sequence, the hybrid technique was used for the islanding
detection of the microgrid. The parameters used in the hybrid
technique are:1Vmin = 0.01p.u;1Vmax = 0.5p.u;1f max =
0.005 p.u; 1f min = 0.0001 p.u; 1P = 0.05 p.u per 500 ms.

TABLE 5. Gaussian mix model for the load.

TABLE 6. Parameters of load gaussian mix model.

TABLE 7. Covariance matrix of the first, second and third component.

During the grid-connected operation, it is assumed that the
synchronous generators maintain a fixed power level injec-
tion into the grid. Usually, this power level is determined by
its energy purchasing contract. Based on this assumption, the
following first scenarios and configurations were considered:
• Case 1: DG1injecting 800 kWduring the grid-connected
operation, DG2 and FES connected to the microgrid.

• Case 2: DG1injecting 800 kWduring the grid-connected
operation, DG2 and BESS connected to the microgrid.

The result for Case 1 is presented in Table 8, and for
Case 2, in Table 9. Different capacities of BESS and FESwere
simulated since their capacity of providing power during the
islanding transition has a major impact on the successful of
this transition.

As one can see in Table 8 and 9, the use of FESS can
be more effective to improve the islanding transition, mainly
because it can provide active power support during the island-
ing in any time, since the flywheel remains charged during
grid-connected operation. On the other hand, SoC of BESS
depends on its status at the instant of the islanding occurrence,
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TABLE 8. Simulation results case 1.

TABLE 9. Simulation results case 2.

which is represented in the model by a distribution function.
The BESS can be charging/discharging at the islanding occur-
rence. In the case it is charging, and the islanding is detected,
the charging process will be interrupted and, if the BESS has
enough energy stored, it will provide active power support
to the grid. In these cases, it gives an important frequency
support to the microgrid. In the case it is discharging at
the instant of islanding occurrence, the power injected into
the microgrid will be increased to its limit to support the
frequency.

In Table 8 and 9, a high probability of successful island-
ing transition is obtained with the increase of the capacity
of storage devices, as expected. For the load distribution
considered for the base case, high levels of probability of
successful transitionwere obtained for storage energy devices
with capacity around 300 kW. It is important to highlight that
the temporary support of the active power is important at the
first seconds after the islanding and, after that, the frequency
will be regulated by the synchronous generator-based DG,
which usually depends on limited energy resource and remain
connected to increase the system reliability, specially, during
islanded operation mode.

It is important to highlight, from this simulated case, that a
FES of 100kW is more effective than a BES of 250 kW for a
successful islanding transition. A FES of 300 kW results in a
99.5 % rate of successful islanding transition, while a BESS
of 350 kW results in only 94.75% rate of successful islanding
transition. Thus, when a successful transition to islanding
operation is necessary, the increase in the BESS capacity may
not be so effective as the use of FES. These numbers highlight
the importance of the analysis of the security assessment of
the islanding transition of microgrids.

The islanding transition is also evaluated for a higher power
level injected in the grid, also considering different configu-
rations and capacities, as following:

TABLE 10. Simulation results case 3.

TABLE 11. Simulation results case 4.

• Case 3: DG1 injecting 1.0 MW during the grid-
connected operation, DG2 and FESs connected to the
microgrid.

• Case 4: DG1 injecting 1.0 MW during the grid-
connected operation, DG2 and a BESS connected to the
microgrid.

As we can see in Table 10 and 11, the increase on the
generation level of the synchronous generator improved the
probability of a successful islanding transition. Considering
the synchronous generator injecting 1 MW, a 97.5% proba-
bility of successful transition was obtained using a 100 kW
FES, while for a 800-kW synchronous generator the prob-
ability using the same 100-kW FES was of 90.5%. Similar
conclusions can be made by the configuration employing
BESS. Based on the results presented, it is possible to
assess the probability of a successful islanding transition con-
sidering specific coordinated control strategy without load
shedding.

In order to consolidate the conclusions about the power
injected by the synchronous-based DG, simulations decreas-
ing the injected power by this DG are run, as following:

• Case 5: DG1 injecting 500 kW during the grid-
connected operation, DG2 and FESs connected to the
microgrid.

• Case 6: DG1 injecting 500 kW during the grid-
connected operation, DG2 and a BESS connected to the
microgrid.

The results for DG1 injecting 500 kW are presented in
Table 11 and 12, for FES and BESS devices, respectively.
As one can see, the overall probability of successful transition
was reduced with the decrease of the power injected by
the synchronous generator. This behavior is justified by the
fact that with a higher power being injected, the microgrid
is closed to the balance between load and generation and,
therefore, it depends less on frequency support provided by
other devices from the microgrid.
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TABLE 12. Simulation results case 5.

TABLE 13. Simulation results case 6.

VI. DISCUSSION
The performance of the controls, used to improve the island-
ing transition, depends on the operation point during the
islanding. Typically, these controls are tested for only few
operating conditions, however, the possible operation points
in a microgrid vary according to the availability of renewable
resources, load level, and BES state of charge. These vari-
ables present a stochastic behavior and are typically charac-
terized by density distribution functions. Thus, the proposed
methodology allows evaluating the overall performance of
the microgrid, considering all resources used to allow a suc-
cessful islanding transition.

In the test system used in this paper, the following
resources have been employed to improve the islanding tran-
sition performance:
• Synthetic inertia of the wind generator.
• Specific control for BESS during islanding transition.
• FES.
The use of stochastic simulation allows evaluating the over-

all effectivity of these resources for the islanding transition.
The synthetic inertia can only contribute to frequency support
when the operating point of the wind generator is under the
nominal power and above the minimum rotor speed. In the
case of the BESS, it can only provide frequency support if its
SoC is above the minimum.

The main drawbacks of the proposed methodology are the
number of simulations required and the need of modeling the
behavior of some elements using density distribution func-
tions. However, it is worth to emphasize that the required data
is typically available for Distributed EnergyResources (DER)
and, there are measurements available for computing these
distribution functions. For example, usually measurements of
wind speed are collected before the installation of the wind
generators. Besides, considering a microgrid structure, load
level can be easilymonitored to compute the load distribution.

The procedure to evaluate the use of devices or specific
controls to improve the islanding transition is mainly based

on the available structure. The proposed methodology allows
evaluating the overall effectiveness of each resource. Differ-
ent techniques and/or devices can be used to improve the
islanding transition, the effectivity of these devices can be
tested by using the proposed methodology, presented in the
flowchart of Figure 1. Thus, for projects that a specific suc-
cessful rate of islanding transition is required, the following
steps can be applied:

• Step 1: Apply the proposed methodology presented in
flowchart of Figure 1. If the successful rate of islanding
transition is under the required level, go to Step 2. Oth-
erwise, the microgrid reached the required successful
islanding rate.

• Step 2: Change the control, device, or device capacity
of the elements that support the microgrid to islanding
transition and go to Step 1.

VII. CONCLUSION
In this paper, a method for security assessment for the island-
ing transition of microgrids has been proposed. Themethod is
based onMonte Carlo simulations, employing the probability
distribution functions of intermittent generation and loads.
As a result, the method allows calculating the probability of a
successful islanding transition for a microgrid. The method is
useful for evaluating the impact of different devices that can
be used to minimize the probability of unsuccessful islanding
transition. It is important to highlight that the transition to
islanded operation due to an unintentional islanding without
using load shedding is an important feature for microgrids,
as the use of microgrids emerges as a solution to the increase
connection of renewable energy to the grid and demand for
enhancing the grid reliability.

In this context, the use of the proposed methodology
enables evaluating different solutions to ensure the microgrid
stability during these disturbances. It is important to highlight
that the data required for this analysis can be easily obtained
from monitoring devices usually employed for different pur-
poses in a microgrid. In the case presented for validation,
it was possible to verify that a FES can be more effective for
islanding transition than a BESS due to the possibility that
the BESS may not have enough energy stored at the instant
of islanding. Thus, considering the proposed methodology,
the effectiveness of different operating strategies or control
techniques can be tested considering the whole possibility of
operating points.
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