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ABSTRACT This research paper proposes a novel generic synchronization method for microgrids that
addresses the key limitations of existing approaches. The method enables seamless synchronization and
reconnection across multiple microgrid operating scenarios without relying on communication infrastructure
or phase-locked loops (PLLs). It can synchronize islandedmicrogrids with grid-connected systems, intercon-
nect multiple islanded microgrids, and facilitate smooth transitions between operating modes. Notably, the
approach maintains system stability and works effectively under both balanced and unbalanced conditions,
including short circuits. The proposed technique is implemented at circuit breaker terminals and requires
no modifications to the underlying converter control loops. This preserves system stability while enabling
plug-and-play capability. Themethod also provides inherent protection features, automatically disconnecting
during faults and re-synchronizing after fault clearance. Comprehensive simulations in PSCAD/EMTDC
validate the approach across multiple test systems and operating scenarios. Results demonstrate the method’s
effectiveness for synchronization, re-synchronization, and seamless mode transitions in various microgrid
configurations including synchronizing multipoles microgrids with the IEEE 14-bus benchmark. The
proposed generic synchronization technique represents a significant advancement in microgrid control,
enhancing reliability and resiliency without compromising stability or requiring complex communication
systems.

INDEX TERMS AC microgrid, microgrid operation modes, IEEE 14-bus benchmark synchronization,
seamless transition, synchronization, balanced and unbalanced microgrid.

NOMENCLATURE
VD
a ,VD

a ,VD
a Phase voltage difference at CB terminals.

V g
a ,V g

b ,V g
c Phase voltage at grid side.

Vm
a ,Vm

a ,Vm
a Phase voltage at microgrid side.

ωg, ωm Grid frequency, Microgrid frequency.
Vthreshold The threshold value of synchronization.
VNominal
phase Nominal phase voltage of the system.
V0 Zero-sequence voltage component.
Vn Nominal phase voltage of the microgrid.
ωn Nominal frequency of the microgrid.
θ angle of each inverter reference frame.
mp, nq Active and reactive power droop value.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuh-Shyan Hwang .

A System state matrix.
B Input variables matrix.
C output variables matrix.
D Feedforward matrix.
1̇x Perturbation of state variable.
vodq Output voltage based on Prak frame.
iodq Output current based on Prak frame.
Kp,Ki Proportional-integral controller gains.
[M] Mapping matrix.
GFM Grid forming converter.
GFL Grid following converter.
RES Renewable energy resources.
HVDC High voltage direct current.
CB Circuit breaker.
IM Islanded mode.
GCM Grid connected mode.
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I. INTRODUCTION
Amicrogrid can be defined as a network comprising intercon-
nected distributed generators (DGs) and loads. It is a portable
energy system capable of functioning separately or in combi-
nation with the main utility grid. It includes modern control
systems for enhanced energy management, localized energy
production from renewable and traditional power sources,
and the adaptability to meet local demands while improving
reliability and sustainability. The primary motivation behind
the introduction of the concept of implementing a microgrid
is to mitigate the operational expenses associated with the
power supply and to curtail the emission of greenhouse gases.
The microgrid should be able to function in two operation
modes: grid-connected and islanded (autonomous) [1]. The
link between a microgrid and the main grid does not have to
be active all the time. This link may normally be open and
only close in certain circumstances, such as a power outage
within the microgrid or when selling or buying electricity to
or from the main grid is convenient. The control objective
of an inverter-based distributed generator depends on the
operating mode and system conditions [2]. Therefore, the
inverters’ controllers can be classified into different structures
based on their objectives, namely: grid-following or feeding
(GFL) converter, and grid-forming (GFM) converter as either
can behave as a current source inverter, which is known as
GFL, or a voltage source, which is known as GFM.

The GFLs are often used in multiterminal high-voltage DC
systems [3] and with a microgrid in grid-connected mode [4].
Their control goal is to send a fixed amount of active and
reactive power into the grid. It is clearly observed that the
GFL behaves as an ideal current source since its power flow
is controlled by controlling the phase angle and the amplitude
of its injected current. Hence, it is necessary for the successful
operation of this GFL controller to be perfectly synchronized
with the grid voltage using a PLL [5]. However, in [6], the
authors show that even within an autonomous microgrid, the
GFL can start operating with at least one GFM in order to be
synchronized. In the event of a GFM failure, it implies that
the GFL will also cease functioning.

Another control objective of a GFM inverter is to regu-
late the amplitude of voltage and system’s frequency, which
is identical in operation of an ideal voltage source with
impedance. The main limitation of this controller is that
it cannot operate in parallel with other GFMs or in grid-
connected mode. This limitation is due to the fact that
a parallel GFM will exhibit a phenomenon known as the
hunting effect. Of course, the GFL and GFM cannot oper-
ate in both microgrid modes. Therefore, a controller loop
based on a droop characteristic is introduced to be added
to provide autonomous power sharing capability [2]. Still,
the GFL converter controller does not have the capability to
support the microgrid voltage, which is restricted to oper-
ate only in grid-connected mode due to its dependency on
PLL for synchronization. In contrast, the GFM is based on
a droop controller loop with a combination of voltage and
current controller loops; therefore, the GFM converter can

overcome the previous limitations due to its dependency on
the droop controller that offers the phase angle reference for
synchronization. The goal is to maintain grid voltage and
frequency [7]. Hence, it should regulate active and reactive
power outputs according to changing grid conditions and
load demand. This methodology can provide voltage and
frequency regulation, reactive power support, and black start
capabilities. In short, the GFM droop-based has the capability
to operate with multiple GFM converters and a fixed voltage
source.

A. MOTIVATION
The voltage source converter is a vital component in the
integration of RES into AC power systems, especially
in microgrid and HVDC applications [8], [9]. Microgrids
must have resiliency to operate in different modes such as
grid-connected, islanded and in parallel with other micro-
grids [10]. Consequently, numerous research studies on
different aspects of microgrids have been carried out. The
majority of microgrid research in the literature has concen-
trated on operational modes [11], control strategies [12],
the impact of electric vehicles [13], stability analysis [14],
protection [15], power management [16], seamless transition
control [17], and planning [18]. The resilience of microgrid to
disturbances and outages can be improved through advanced
black start and synchronization strategies. Therefore, syn-
chronization and reconnection of GFM inverters received less
attention as stated in [19], [20], [21], and [22] and requires
further investigation.

Most synchronization methods described in the literature
utilize a two-controller approach such as GFM droop-based
for islanded mode and GFL for grid-connected mode.
However, transitioning between controller approaches and
operation modes raises important challenges and several
dynamical response issues especially in the case of unplanned
transition due to fault, load switching, or power quality issues
such as voltage sag [23], [24], [25]. To address the diffi-
culties associated with changing controllers, it is desirable
to achieve smoother responses during synchronization, re-
synchronization, reconnection, and transition of microgrid
operation modes with only one controller approach instead
of switching from GFM droop-based to GFL controller and
vice versa.

B. RELATED WORK
Simultaneous synchronization based on a communication
infrastructure or phase locked loop limits the system’s relia-
bility and stability. Hence, the synchronization of an islanded
microgrid with the main grid has been intensively studied in
the literature based on several synchronization methods and
different inverters’ controllers. Consequently, numerous stud-
ies in the literature have been proposed regarding microgrid
resiliency based on synchronization [26], reconnection [27],
smooth transition [28], and re-synchronization [29] methods.
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In [26], the authors proposed an active synchronization
strategy based on GFM inverter controller. The method
mainly depends on cooperative communication among DGs
units. However, the main drawbacks of this technique are its
dependency on communication links among the distributed
generators and its lack of plug-and-play capability, which
limits the microgrid’s resiliency. Also, it requires a determi-
nation of a lead DG with highest capacity compared with
the other DG units, and the system will fail in the case of
the lead DG being disconnected due to a short circuit event
or lost communication. The active synchronization method
is limited to transitioning for islanded to grid connected
mode. However, another study based on the active synchro-
nization proposes reconnecting multiple islanded microgrids
with each other [30]. The study shows that there is a higher
transient response during interconnecting the microgrids.

A synchronization strategy based on a pinning-based con-
sensus algorithm is introduced to switch from GCM to IM
in [31]. This method requires one DG unit to reduce the phase
and voltage mismatch, which is called a phasor DG regulator
based on a GFL controller. The resiliency and reliability of
this method does not exist in the case of the absence of
communication links.

A synchronization method controller to eliminate phase
mismatch between the microgrid’s voltages and the main grid
is introduced in [27]. This method requires voltage control in
the islanded mode, and it is applicable in the case of recon-
necting the islanded microgrid into the utility. Nevertheless,
when employing a two-controller approach, such as GFM
and GFL, for different operational modes, the procedure of
switching between controllers and modes present a signifi-
cant challenge due to the necessity of utilizing a phase-locked
loop (PLL) [32]. Therefore, the resiliency and performance
during short circuit and transitioning from GCM to IM are
not investigated.

For parallel inverter synchronization, there are two meth-
ods proposed, namely: output-sync and controller-sync
in [21]. The first method requires the incoming inverter to be
in voltage control mode to synchronize the inverter’s voltage
before the CB closes. In the case of a sudden disturbance in
the voltage and current, a severe transient response occurs
that might damage the inverter. Hence, this method is very
sensitive to the voltage and current harmonics. The second
synchronization method is called controller-sync, which uses
two paths of controller loops. The method uses several pro-
portional integrator controllers, so the major issues of this
method are the tuning difficulty and the changing of path
controller loops.

In addition, for parallel operation mode of a GFM inverter,
a frequency restore controller is presented in [33]. This
technique needs to identify which inverter should build up
the microgrid voltage and frequency which means the other
inverter will be reconnected to ensure equal power sharing.

However, the limitation of this technique is that the volt-
age waveforms distortion at the point common coupling
(PCC) prevents the successful synchronization operation and

performance [39]. Also, the controller must be modified to
include the restoration loops which are mainly extra PI con-
trollers that introduce the tuning difficulty.

A droop gain optimizer-based synchronization and adap-
tive power sharing is developed to interconnect multiple
islanded microgrids with each other [22]. This method
requires an online power flow measurement to successfully
coordinate the inverters’ controller. Still, the reliability of
this method is significantly risky due to the substantial
dependence on the communication infrastructure. A fur-
ther synchronization method has been discussed based on a
virtual impedance [36]. As a result, increasing virtual resis-
tance improves system stability, whereas increasing virtual
inductance limits it. Therefore, this method introduces the
difficulty of tuning the virtual impedance time constant.
A smart circuit breaker-based recombination of multiple
islanded microgrids is introduced and discussed in [20], [34],
and [35]. These studies do not investigate the performance
and capability of the smart circuit breaker during the transi-
tion of the microgrid from islanded to grid-connected mode
or vice versa. Since this strategy utilizes the use of PLLs
at circuit breaker terminals, it will produce a severe tran-
sient response during closing the CB. The reason is that
PLL performance suffers significantly when the grid volt-
age is unbalanced or distorted [40]. The performance of the
distorted voltage can be negatively influenced by a sudden
change in its phase angle, potentially resulting in system
instability. This strategy has black-start capability and a plug-
and-play feature.

Hence, it provides grid resiliency in the case of abnormal
operation conditions such as natural disasters, blackouts, and
cyberattacks. The main drawback of this strategy is that it
produces a high frequency transient response for active power
during switching. Therefore, this strategy fails to produce
a smooth transition, and the existing literature has failed to
tackle this problem.

Ultimately, the related literature works are summarized
and compared in Table 1. The comparison is based on
converter controller, transition applicability, communication,
PLL needs, method requirements, limitations, resiliency, reli-
ability, black start, and plug and play capabilities.

C. RESEARCH GAPS
Referring to the previous subsection, there are several gaps
that should be addressed in the synchronization method,
which can be listed as follow:

• There is no capable multi-function synchronization
method that can be used in the case of transitioning
from islanded mode to grid-connect mode, connecting
multi-microgrids with each other, and synchronizing
parallel inverters in islanded mode.

• There is a need for a synchronization strategy that is not
based on phase-locked loops (PLLs) and can effectively
function in both normal conditions (i.e., a balanced
system) and abnormal conditions, including unbalanced
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TABLE 1. Comparative review of the existing synchronization methods for microgrid application in literature.

systems and short circuits. This is a novel idea that is
proposed for the first time. The justification for this
requirement arises from the fact that the performance
of the PLL is notably compromised in cases where the
grid voltage exhibits unbalances or distortions. These
situations commonly occur in distribution systems, espe-
cially in the case of connecting modern electrical load
that required power electronics converters.

• Since the synchronizing method based on communi-
cation infrastructure limits the microgrid reliability,
several methods have been proposed in the literature.
However, these methods can be applied only in one case
such as transitioning from IM to GCM, reconnecting
parallel islanded inverters, or synchronizing multiple
islanded microgrids.

• To the author’s best knowledge, there is no synchroniza-
tion method in the literature that is capable of being
used for all operation cases, namely: synchronization
(IM to IM), reconnection (DG to IMorGCMmicrogrid),
smooth transition (IM to GCM), and re-synchronization

(after DG disconnected), and disconnect during short
circuit condition.

• The majority of synchronization strategies increase the
system order state equations for the converter’s con-
troller, whichwill affect the stability of the entire system.
As a result, it may be necessary to re-tune the converter’s
controller and re-evaluate the overall system’s stability.

D. CONTRIBUTIONS
This paper presents a novel synchronization approach that
can effectively synchronize an IM with a GCM and multi-
ple IM microgrids with each other. Additionally, it enables
seamless reconnection of a distributed generation (DG)-based
converter or an isolated microgrid to the overall system after
an intentional disconnection. Furthermore, it facilitates the
re-synchronization of either a DG-based converter or an
isolated microgrid in the event of abnormal operating circum-
stances, for instance a short circuit. If a short circuit occurs,
the CB based on the proposed synchronization method will
instantly open its contacts due to phase voltage and sequence
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differences. Thus, according to the proposed synchronization
method, the CB will attempt to restore the isolated part as
soon as the synchronization requirements are met, indicating
that the fault has been resolved. In essence, the suggested
approach has the capability to perform all the aforementioned
tasks.

The primary contribution of this paper is the develop-
ment of a generic synchronization technique that operates
effectively in many scenarios and different system configu-
rations, including short-circuit conditions based on balanced
and unbalanced microgrid loads without the need for a
phase-locked loop (PLL). This work proposes a generic syn-
chronization approach that does not require anymodifications
to the fundamental equations governing the system. The vec-
tor droop-based voltage and current controller techniques is
widely used in the islanded mode of the microgrid to form the
system voltage and frequency [41], [42], [43], [44], [45]. This
is mainly because of the simplicity of the implementation
and dependency on local converter measurements, which
are known as GFM converters. Therefore, this controller is
considered in this study for both islanded and grid-connected
microgrid modes to avoid the drawbacks of using PLL on
the system stability and transitioning issues of using dual
different controller loops. Since there is a correlation between
the frequency and the active power of the droop character-
istic, the predefined droop gain of the nominal frequency
based on the GFM converter is arranged in such a way to
allow the inverters to supply their rated power during grid-
connected mode, while in islanded mode, the microgrid’s
frequency depends on the loading condition. Therefore, the
main merit of the proposed synchronization method is that it
does not affect the entire system’s stability. The rationale for
this advantage is that the proposed synchronization method
is mainly developed and implemented at each converter’s
circuit breaker terminals. The proposed method offers several
advantages. First, it can synchronize the islanded micro-
grid with both balanced and unbalanced utilities. Secondly,
it enables autonomous disconnection and resynchronization
of the islanded and grid-connected microgrid in the event of
short-circuit conditions. Lastly, it facilitates the synchroniza-
tion and reconnection of parallel standalone converters with
each other.

In this study, the first test system validates the proposed
synchronization method, which synchronizes the DG-based
converter inmicrogrid islandedmode. The proposed synchro-
nization technique was developed at CB terminals; therefore,
its performance under short-circuit conditions was evaluated.
The system in this case was retrieved from [46], while the
second test system was retrieved from the study in [47] to
examine the proposed method in both islanded mode and
grid-connected mode. The last test system was based on
evaluating the proposed method to interconnect multiple AC
microgrids into the modified IEEE 14 bus system that was
studied in [48], but the transmission lines limit will not be
considered in this paper. The investigations were carried out
within a PSCAD/EMTDC environment.

This paper is divided into several sections, the most signif-
icant of which is Section II, which introduces the idea of the
traditional synchronization process that is used in an AC sys-
tem synchronous machines synchronization, and Section III,
which presents and explains the mathematical derivation of
the suggested generic synchronization technique. Section IV
explores the system under investigation and its controller
loops, while Section V provides the simulation-based results
discussion and analysis. The final section of this paper offers
a conclusion with a list of the proposed synchronization
advantages.

II. AN OVERVIEW OF THE CONVENTIONAL
SYNCHRONIZATION APPROACH
Reference [49] discusses two widely recognized methods
for synchronization: two-bright and one dark lamp and
dark lamps. These conventional techniques are commonly
employed in parallel AC systems to allow for the interchange
of power flows. The successful synchronization of these
methods relies on four key criteria: voltage amplitude, fre-
quency, phase difference angle, and phase voltage sequence.

For successful synchronization, it is essential that the phase
sequence of the microgrid corresponds to that of the exist-
ing grid. Generally, connecting a synchronous generator to
an electrical system requires careful regulation of voltage
amplitude, phase voltage angle, and frequency to protect the
generator from potential damage or synchronization failure.
However, achieving a perfect match in these parameters,
which would allow the intertie circuit breaker (CB) to be
switched on, is practically unattainable, as mentioned in
reference [49]. Instead, a permissible tolerance window is
established to accommodate deviations in phase angle, volt-
age amplitude, and frequency. For example, the voltage of
the microgrid variation with respect to the utility should
be limited to 10%. The frequency difference between the
microgrid and the main grid should not exceed 0.3 Hz.
Additionally, the maximum allowable phase angle shift is
set at 20 degrees, as outlined in reference [50]. Further-
more, in the context of unbalanced systems, reference [51]
provides comprehensive standards that define the accept-
able degree of variation in the quantities of the electrical
system.

III. PROPOSED SYNCHRONIZATION METHOD
Generally, the intertie circuit breaker (CB) must be con-
nected in line with the phase voltage sequence of both
systems, which has the capability to measure the voltages
at its terminals. This type of CB is known as a smart circuit
breaker. The proposed synchronizationmethod eliminates the
zero-sequence component by using instantaneous line-to-line
voltage measurements provided by the CB, as illustrated in
Fig. 2. Therefore, the wave form of the instantaneous phase
peak voltage difference between the two terminals of the CB
produces a demodulated waveform as illustrated in Fig. 1(a)
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according to the following equations:
VD
a =

(
V g
a sinωgt

)
−

(
Vm
a sinωmt

)
VD
b =

(
V g
b sin

(
ωgt − 120

))
−

(
Vm
b sin (ωmt − 120)

)
VD
c =

(
V g
c sin

(
ωgt + 120

))
−

(
Vm
c sin (ωmt + 120)

)
(1)

where VD
a , V

D
b , and VD

c are the instantaneous phase peak
voltage between the CB terminals, which is in this case the
instantaneous phase peak voltage of the microgrid and the
utility. In fact, the tolerance range for phase angle, frequency,
and voltage amplitude is discussed according to the standards
in [50]. Therefore, calculating the root mean square (RMS) of
the phase voltage difference gives a wave form similar to the
full-wave single-phase rectifier with a frequency difference
between CB terminals voltages as demonstrated in Fig. 1(b).
Theminimum portion value is the best moment to connect the
CB terminals to ensure a smooth power transient response.
Therefore, the RMS phase voltages difference between the
CB terminals have very low frequency and (1) can be written
in order to calculate the RMS values as defined in (2).

VD
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√
1
T
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√
1
T
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(
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b

)2
.dωt

VD
c (rms) =

√
1
T

∫ T

0

(
VD
c

)2
.dωt

(2)

Measuring the phase voltages at the terminals of CB does
not require a communication link between the microgrid and
the main grid. The rationale is that the proposed synchro-
nization mechanism principally depends on the instantaneous
measurement at each CB terminal. Accordingly, it becomes
necessary to determine the threshold value for the proposed
method to change the CB status, so based on the prescribed
limits specified by [50], the threshold value for the proposed
method can be determined by (3).

Vthreshold = VNominal
phase (kV ) ∗ 5% (3)

Each phase voltage difference is compared with the thresh-
old value using equations (2) and (3). Fig. 1(a) presents the
instantaneous peak voltage of the converter phase voltages,
while Fig. 1(b) shows the instantaneous peak voltage of
the microgrid phase. The instantaneous comparison between
these voltages generates high logic pulses when the all-phase
voltage difference is less than a threshold value, as indi-
cated by the minimum value in equation (1). As shown in
Fig. 1(c), the width of these logic pulses is quite short,
designed to quickly trigger and maintain the state of the
circuit breaker (CB). Finally, Fig. 1(d) combines the previous
subplots and zooms in on the shaded portion to illustrate the
precise moment of synchronization between the converter
and microgrid phases. Therefore, to guarantee simultane-
ous overlapping of the three-phase voltage differences, each

FIGURE 1. The instantaneous phase-voltage measurement and
synchronization logic pulse waveforms. (a) The converter side phases’
voltage, (b) The microgrid side phases’ voltage, (c) The voltage-phase
difference wave shape at the CB terminals (d), The wave shape of the
RMS phase-voltage difference at the two terminals of the CB (e), the
activation pulse of the synchronization process (f), and the combined and
zoomed portion of (c), (d), and (f).

phase pulse passes through an AND gate in digital logic.
Hereafter, to ensure a smooth transition of the CB, a JK flip-
flop is employed to temporarily store the high state of the
AND gate output. In other words, the output signal of the JK
flip-flop changes based on the falling output pulse of theAND
gate. The suggested technique of synchronization is depicted
in block form in Fig. 2.

The test system used for evaluating abnormal operation
conditions such as a single-phase short circuit is shown in
Fig. 3. In this case of evaluating abnormal operation condi-
tions, a single-phase short circuit is applied for five cycles at
bus #2 at the microgrid side. The instantaneous phase volt-
age difference violates the synchronization threshold based
on (3), as illustrated in Fig. 4 (a) at t = 17 sec. The pro-
posed synchronization method immediately opens the CB;
therefore, after fault clearing, the phase voltage difference
contains a zero-sequence component that requires a long time
for the proposed synchronization method to autonomously
reconnect. Fig. 4 (b) shows the RMS phase voltage difference
at CB terminals, while the average zero sequence of the phase
voltage is depicted in Fig. 4 (c), and it is defined in (4).

V0 = 1
/
3 (Va + Vb + Vc) (4)

Due to the delay effect of zero-sequence component on
synchronization process, the phase voltages are calculated
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FIGURE 2. General structure of the proposed synchronization method
based on block diagram implementation.

FIGURE 3. Islanded AC Microgrid.

based on the line-to-line voltage measurements. This action is
designed to ensure that zero sequence voltage is not reflected
in the voltage readings. The process of determining the
phase voltages by excluding the zero sequence is executed
as defined in (5).

Va =
(
1
/
3
)
(Vab − Vca)

Vb =
(
1
/
3
)
(Vbc − Vab)

Vc =
(
1
/
3
)
(Vca − Vbc)

(5)

The merit of eliminating the zero-sequence component
reduces the time requirement of synchronization or recon-
nection, as shown in Fig. 4 (e) and (f), respectively. The

FIGURE 4. The proposed synchronization method’s performance is
dependent on the effect of a zero sequence. (a) the difference wave
shape of the phase voltage at the CB terminals without taking into
account the effect of a zero sequence; (b) the R.M.S. of the phase voltage
difference wave shape at the CB terminals without taking into account the
effect of a zero sequence; (c) the net value of the zero-sequence voltage
component; (d) the DGs units’ synchronization and re-synchronization if
the zero sequence elimination is not taken into account; while (e), (f), (g),
and (h) are similar to (a), (b), (c), and (d) receptively, but based on
including the elimination of the zero-sequence voltage component.

proposed synchronization method is reliable and capable dur-
ing abnormal operations and even in the existence of zero
sequence component. It can be clearly seen that without zero-
sequence elimination, the synchronization method needs six
synchronization cycles, which is almost equal to one minute
as shown in Fig. 4 (b), while with zero-sequence elimination,
it needs only one cycle, which is approximately 10 seconds
as shown in Fig. 4 (f). In addition, the system performance in
the case of including or excluding the zero-sequence com-
ponent is identical with a smooth transient, and the only
difference is the time to re-synchronization, as illustrated in
Fig. 4 (d) and (h).

The proposed synchronization methodology has several
benefits in comparison to alternative approaches. The follow-
ing are the advantages:

• The suggested synchronization approach is straightfor-
ward to implement and does not need system controller
loop changes.

• The suggested synchronization approach has no impact
on the stability of the system by increasing the system
states equation. Therefore, system stability re-evaluation
is unnecessary.
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FIGURE 5. The controller block diagram of the power, voltage, and current controller circuits of each VSC across the microgrid
structure.

• The suggested synchronization approach is more
reliable since it does not require communication
infrastructure.

• The suggested synchronization approach allows the
operator of the system to access the status of the CB,
and the suggested synchronization approach can be com-
pletely automated.

• The suggested method checks the voltages at the sys-
tem’s circuit breaker (CB) terminals in real time,
following the IEEE standard for microgrid controller
tolerance deviation [52].

IV. MODELING AND STABILITY ANALYSIS
Stability analysis is a valuable and necessary way to evalu-
ate the effect of the proposed synchronization approach on
the entire system’s performance. This section presents the
development of the AC microgrid dynamic model, presented
in Fig. 3, according to the converter-based DG controller
shown in Fig. 5. Therefore, the complete model of the
converter-based DG comprises many parts, namely: the
power circuits of the converter AC side, the power droop
controller, the voltage controller, and the current controller
loops. The output voltage capacitor of the LC filter is denoted
as vodq, and the output injected current of the line inductance
into the microgrid is denoted as iodq. As a result, the con-
verter controller calculates the input references based on the
instantaneous output of the LC filter’s voltages and currents.
The rationale for this is that the converters are operated based
on the droop control characteristics, which allow parallel
operation of GFM converters. Therefore, equations (6), (7),
and (8) specify the controller input references.

vod = Vn − nqQ (6)

voq = 0 (7)

θ = ωnt −

∫
mpPdt (8)

The following subsections presents the state-space model
of each converter part.

A. THE STATE-SPACE MODEL OF THE POWER CIRCUIT
Utilizing the Kirchhoff voltage and current laws at the LC fil-
ter with coupling line inductance, it leads to drive the dynamic
equations of the voltage drop across the inductance as well
as the voltage across the filter capacitor. The state-space
representation of the AC side LC filter and line inductance
of the converter in synchronous reference frame (SRF) based
on the Park transformation is defined in (9) as follow:[

1̇xp
]

=Ap
[
1xp

]
+ Bp1

[
1vid
1viq

]
+ Bp2

[
1vbd
1vbd

]
+ Bp3

[
1ω

]
(9)

where[
1xp

]
=

[
1iid 1iiq 1iod 1ioq 1vod 1voq

]T
Bp1 =

[
1/Lf 0 0 0 0 0
0 1/Lf 0 0 0 0

]T
Bp2 =

[
−1/L0 0 0 0 0 0

0 1/L0 0 0 0 0

]T
Bp3 =

[
iid −iiq iod ioq vod −voq

]T

Ap =


−Rf /Lf ω 0 0 −1/Lf 0

−ω −Rf /Lf 0 0 0 −1/Lf
0 0 −Ro/Lo ω −1/Lo 0
0 0 −ω −Ro/Lo 0 −1/Lo

1/Cf 0 −1/Cf 0 0 ω

0 1/Cf 0 −1/Cf −ω 0
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B. THE STATE-SPACE MODEL OF THE POWER DROOP
CONTROLLER
The power controller consists of three states that exist due to
the use of the low-pass filters (LPFs) to achieve instantaneous
power based on the fundamental microgrid frequency, and the
third state is based on integrating the angular speed frequency
(ω) to determine the phase angle (δ). Therefore, the state
variable equations of the power droop loop and the phase
angle are defined in (10)-(12) as:

Ṗ =
(
3
/
2
) (

ωc
((
vod .iod

)
+

(
voq .ioq

)
− P

))
(10)

Q̇ =
(
3
/
2
) (

ωc
((
vod .ioq

)
−

(
voq .iod

)
− Q

))
(11)

δ̇ = −mpP (12)

The output voltage capacitor of the LC filter is denoted
as vodq, and the output injected current of the line induc-
tance into the microgrid is denoted as iodq. The linearized
state-space model representation of the power droop con-
troller loop including the phase angle state variable is shown
in (13), while the output equations of the power controller are
shown in (14). 1̇δ

1̇P
1̇Q

 = APC

 1δ

1P
1Q

 + BPC
[
1xp

]
(13)

[
1vod
1voq

]
=

CPCω

CPCV

 1δ

1P
1Q

 (14)

where

APC =

 0 −mp 0
0 ωc 0
0 0 −ωc

 ;

CPCω =
[
0 −mp 0

]
CPCV =

[
0 np 0
0 0 0

]

BPC =
3
2

 0 0 0 0 0 0
0 0 ωc · vod ωc · voq ωc · iod ωc · ioq
0 0 −ωc · voq ωc · vod ωc · ioq −ωc · iod


C. THE STATE-SPACE MODEL OF THE VOLTAGE
CONTROLLER
Referring to Fig. 5, the voltage controller of the converter
output currents are i∗id and i∗iq in SRF as presented in (15)
and (16); hence, two extra state variables are introduced by
the proportional-integral (PI) controller, which are defined
in (17) and (18) as βd and βq.

i∗id = Kpv
(
v∗od − vod

)
+ Kivϕd − ωnCf voq + Kffiiod (15)

i∗iq = Kpv
(
v∗oq − voq

)
+ Kivϕq + ωnCf vod + Kffiioq (16)

˙1ϕd =
(
v∗od − vod

)
(17)

˙1ϕq =

(
v∗oq − voq

)
(18)

where KPV and KIV are the PI controller gains, and the
Kffi is used to activate or deactivate the feedforward of the
current received at the microgrid, while ωn is the nominal
system frequency. Linearizing the voltage controller differ-
ential equations leads to formulating the state-space model

as shown in (19) and (20).[
1i∗id
1i∗id

]
=CVC

[
1ϕd
1ϕq

]
+DVC1

[
1v∗od
1v∗oq

]
+DVC2

[
1xp

]
(19)[

˙1ϕd
˙1ϕq

]
= [0]

[
1ϑvd
1ϑvq

]
+ BVC1

[
1v∗od
1v∗oq

]
+ BVC2

[
1vod
1voq

]
(20)

where

CVC =

[
1 0
0 1

]
; DVC1 =

[
Kpv 0
0 Kpv

]
; BVC1 =

[
Kiv 0
0 Kiv

]
BVC2 =

[
0 0 − 1 0 0 0
0 0 0 − 1 0 0

]
DVC2 =

[
0 0 Kffi 0 − Kpv − ωCf
0 0 0 Kffi ωCf − Kpv

]
BVC2 =

[
0 0 − 1 0 0 0
0 0 0 − 1 0 0

]

D. THE STATE-SPACE MODEL OF THE CURRENT
CONTROLLER
The last controller stage of converter controller in Fig. 6 is
the current controller of the converter output voltage namely:
v∗id and v∗iq in SRF as presented in (21) and (22). Similarly
to the voltage controller, there are two extra state variables
introduced via the proportional-integral (PI) controller, which
are defined in (23) and (24) as ϕd and ϕq.

v∗id = Kpc
(
i∗od − iod

)
+ Kicγd − ωnLf voq + Kffviod (21)

v∗iq = Kpc
(
i∗oq − ioq

)
+ Kicγq + ωnLf vod + Kffvioq (22)

˙1γd =
(
v∗od − vod

)
(23)

˙1γq =

(
v∗oq − voq

)
(24)

where KPC and KIC are the PI controller gains, and the Kffv is
used to activate or deactivate the feedforward of the voltage
received at filter capacitor Cf. The nominal system frequency
is denoted by ωn. Therefore, the linearized state-space model
of the current is as shown in (25) and (26).[

1i∗id
1i∗id

]
= CVC

[
1ϕd
1ϕq

]
+ DVC1

[
1v∗od
1v∗oq

]
+ DVC2

[
1xp

]
(25)[

˙1γd
˙1γq

]
= [0]

[
1ϑvd
1ϑvq

]
+ BVC1

[
1v∗od
1v∗oq

]
+ BVC2

[
1vod
1voq

]
(26)

where

CVC =

[
1 0
0 1

]
; DVC1 =

[
Kpv 0
0 Kpv

]
; BVC1 =

[
Kiv 0
0 Kiv

]

DVC2 =

[
0 0 Kffi 0 − Kpv − ωCf

0 0 0 Kffi ωCf − Kpv

]

BVC2 =

[
0 0 − 1 0 0 0

0 0 0 − 1 0 0

]
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E. THE COMPLETE STATE-SPACE MODEL OF THE
CONVERTER-BASED DG
Combining the small signal state-space model of each con-
verter part presents the complete model of the converter as
given by (27). The transformation matrices that convert the
entire converter small-signal model in common reference
frame are shown in (28).

˙[1xinv] = Ainv [1xinv] + Binv1
[
1Vbdq

]
+ Binv2 [1ω] (27)

TS =

[
cos (δ) − sin (δ)

sin (δ) cos (δ)

]

TC =

[
−IOd sin (δ) − IOq cos (δ)

IOd cos (δ) − IOq sin (δ)

]

TV−1 =

[
−V bd sin (δ) + Vbq cos (δ)

−V bd cos (δ) − Vbq sin (δ)

] (28)

where, as shown in the equation at the bottom of the page.

F. THE STATE-SPACE MODEL OF THE MICROGRID’S LINES
AND LOADS
The dynamic differential equations of the microgrid’s lines
are almost similar to the loads’ equations as presented
in subsection (a). Therefore, to prevent redundancy, the
state-space model of the microgrid’s lines and loads is shown
in (29) using the index (n). Index one corresponds to the line
state-space representation of the microgrid, whereas index

two represents the load state-space model representation.[
˙1indq1
˙1indq2

]
= An

[
1indq1
1indq2

]
+ Bn1

 1Vbdq1
1Vbdq2
1Vbdq3

 + Bn2
[
1ω

]
(29)

where

An =


−
Rn1
Ln1

ω 0 0
−ω −

Rn1
Ln1

0 0
0 0 −

Rn2
Ln2

ω

0 0 −ω −
Rn2
Ln2



B11 =


1
L11

0 −
1
L11

0 0 0
0 1

L11
0 −

1
L11

0 0
0 0 1

L22
0 −

1
L22

0
0 0 0 1

L22
0 −

1
L22



B21 =


1
L21

0 0 0 0 0
0 1

L21
0 0 0 0

0 0 0 0 1
L22

0
0 0 0 0 0 1

L22

 ; Bn2 =


+inq1
−ind1
+inq2
−ind2


G. THE COMPLETE STATE-SPACE MODEL OF MICROGRID
As each part of the microgrid is individually represented in
state-space form, there exists a common voltage that is linked
to the input matrix. Hence, the integration of these models
can be achieved by incorporating a virtual resistance Rv that
needs to be sufficiently high to ensure that it does not impact

[1xinv] =
[
1δ 1P 1Q 1ϕdq 1γdq 1iidq 1vodq 1iodq

]

Ainv =



[APC ]3×3 [0]2×2 [0]2×2 [BPC ]3×6
(Bv1 ∗ CPCV )2×3 [0]2×2 [0]2×2 [BVC2 ]3×6Bc1∗

Dv1∗
Cpv


2×3

[
BCC1∗

CVC

]
2×2

[0]2×2

BCC1∗

DVC2∗

BCC2


2×6

(BP ∗ DCC1 ∗ DVC1 ∗ CPCV )

+

(
BP2 ∗

[
T−1
v (0)3×2

(0)4×1 (0)3×2

])
+ (BP2 ∗ CPCω)


6×3

[BP1 ∗ DCC1 ∗ CVC ]6×2 [BP1 ∗ CCC ]6×2


 AP+

BP1∗

DCC1 ∗ DVC2


BP1 ∗ DCC2


6×6



Binv1 =


((0)3×2)

((0)2×2)

((0)2×2)(
BP2 ∗

[
(0)4×2
T−1
s

])
6×2


[
1vbd
1vbq

]

Binv2 =


[BPCcom]
(0)2×1
(0)2×1
(0)6×1

 [1ω]

Cxinv =
[
(TC )2×1 (0)2×10 (TS)2×2

]
[1xinv]

Cinvω =

{[
(CPCω)1×3 (0)1×10

]
[1δ] if index = 1

[(0)1×13] [1δ] if index ̸= 1
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FIGURE 6. Eigenvalues for an entire AC microgrid: (a) Spectrum of AC microgrid with 3 synchronized DGs; (b) Trace of
eigenvalue modes with active power droop coefficient variation; (c) Trace of eigenvalue modes with reactive power droop
coefficient variation;(d) Spectrum of AC microgrid with 2 synchronized DGs;(e) Trace of eigenvalue modes with active power
droop coefficient variation (2 synchronized DGs); (f) Trace of eigenvalue modes with reactive power droop coefficient
variation (2 synchronized DGs).

the stability of the system [46]. Hereafter, the mathematical
form of merging all input matrices of the microgrid’s lines,
loads, and inverters including their controller loop appears
in (30).[

1Vbdq
]

= [Rv]
(
[Minv]

[
1iodq

]
+ [M1]

[
1i1dq

]
+ [M2]

[
1i2dq

])
(30)

The variable Minv represents a mapping matrix that
includes all VSCs, depending on the microgrid arrangement.
M1 is a matrix that maps all lines according to the microgrid
layout. M2 is a matrix used to map and represent all loads
according to the setup of the system. The mapping matrices
of the inverters with their controller loops, lines, and load are
given as follow:

Minv =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 ; M1 =


−1 0 0 0
0 −1 0 0
1 0 −1 0
0 1 0 −1
0 0 1 0
0 0 0 1



M2 =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 ; Rv =


Rv 0 0 0 0 0
0 Rv 0 0 0 0
0 0 Rv 0 0 0
0 0 0 Rv 0 0
0 0 0 0 Rv 0
0 0 0 0 0 Rv


The full microgrid state-space system matrix is shown in

Equation (31), which is needed to do an eigenvalue-based
stability analysis of the microgrid. However, it is necessary
for calculating the eigenvalues to use the initial operation
conditions, which are obtained from the PSCAD/EMTDC

simulation environment. For further details regarding the
small-signal modelling, readers should see [47].

Asys =



[
Ainv + (Binv∗

RvMinvCinv)

] [
Binv∗

RvM1

] [
Binv∗

RvM2

]
 (B11Rv∗

MinvCinv)+
(B21Cinvw)

 [
A1 + (B11
RvM1)

] [
B11∗

RvM2

]
 (B12Rv∗

MinvCinv)+
(B22Cinvw)

 [
B12∗

RvM1

] [
A2 + (B12∗

RvM2)

]


(31)

H. THE STABILITY ANALYSIS OF THE MICROGRID
The stability of the microgrid is assessed by analyzing the
eigenvalues to understand the effect of the proposed syn-
chronization on the entire microgrid. Therefore, in order to
compute eigenvalues, it is necessary to use initial values
of the system during steady state conditions that have been
generated from the PSCAD/EMTDC simulation environment
as shown in Table 2.
The eigenvalues of the microgrid, consisting of three DG-

based inverters, are determined based on the steady-state
operating conditions shown in Fig. 6 (a). As stated in [46],
the participation factor calculation identifies a dominant
mode that significantly influences the overall stability of
the system. In this specific scenario, the dominant mode is
determined to be the power controller droop gain. Hence,
Figures 6 (b) and (c) display the trajectory of the dominant
eigenvalues by changing the droop gains of the active and
reactive power controllers, respectively. The results shown
in Figures 6 (a), (b), and (c) are indeed identical to those
reported in the literature [46] and [53]. In order to determine
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FIGURE 7. Comparison of the microgrid’s eigenvalue spectrum based on synchronizing a
DG-based inverter with the system; the zoomed figure presents the location of the dominant
eigenvalues.

FIGURE 8. An AC microgrid system configuration under study.

TABLE 2. Steady state initial values.

the microgrid stability based on the proposed synchronization
method, it is necessary to evaluate the microgrid stability
while disconnecting one or twoDG-based inverters. After this
condition, the stability of the entire systemwill be reevaluated
based on the new instantaneous values of the state-space
variables to reveal the effect of the proposed synchronization
method on the microgrid. Fig. 6 (d) shows the eigenvalues of
the microgrid with only two DG-based inverters connected,
where the third inverter is disconnected. The circle marks
represent the microgrid eigenvalues based on disconnect-
ing DG#3. The cross-marks show the microgrid eigenvalues
when DG# 2 is not connected to the system. The last square
marks present the microgrid’s eigenvalues when DG# 1 is not
connected to the system. As a result, the microgrid remains

stable when disconnecting any DG unit, as shown in the
zoomed portion of Fig. 6 (d). However, since the microgrid
stability is sensitive to the droop power controller gains,
the DG #2 is the most critical element with respect to the
microgrid stability, as presented in Fig. 6 (e) for active power
gain and Fig. 6 (f) for reactive power gain as indicated by
cross marks.

Fig. 7 displays the assessment of the microgrid’s stability
utilizing the proposed synchronization method. The enlarged
section displays the most important eigenvalues that have a
significant influence on the overall stability of the microgrid.
The black diamond symbols indicate the presence of the
microgrid when all DG-based inverters are interconnected.
On the other hand, the square, circle, and cross symbols rep-
resent the locations of the dominating eigenvalues when only
two DG-based inverters are connected. After synchronizing
any disconnected DG-based inverter to the microgrid using
the proposed synchronization approach, the eigenvalues of
the system return to their original positions, which are deter-
mined by the three DGs connected to form the original system
configuration. It is observed that DG# 2 has the greatest
impact on the overall stability of the system since it causes the
eigenvalues to shift towards the imaginary axis, as depicted in
the magnified section of Fig. 7. The double arrows illustrate
the movement of the eigenvalues in the case of synchronizing
any DG-based inverter, such as synchronizing DG#2 with the
other DGs as indicated in the legend of Fig. 7.
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TABLE 3. The microgrid parameters and controller coefficients.

V. THE SYSTEM UNDER STUDY
This study investigates the synchronization of an AC micro-
grid that contains of more than one voltage source converter
(VSC)-based distributed electrical generators (DG), which
resembles the system outlined in reference [47]. The power
rating of each converter is 1MVA, and there are two resistive
loads that are connected to bus #1 and bus #2 as shown
in Fig.8.The power of the load at bus #1 is equivalent to
0.75 (MW), but the power of the load at bus #2 amounts
to 0.55 MW. The selection of this structure was made to
assess the proposed synchronization technique based on
the grid-forming converter (GFM), which is based on con-
ventional cascaded controllers’ loops. Fig. 8 illustrates the
representation of the AC microgrid test system, while the
parameters of the systems are presented in Table 3. It is worth
mentioning that the parameters tabulated in Table 3 are fixed
and are not altered for all performance evaluation case studies
that are presented from here forth.

Generally, the controller of the converter-based DG varies
according to the microgrid operation modes. Hence, the con-
verters’ controller objective should control their active and
reactive power in the case of the microgrid operating in
grid-connected mode, which behaves as a current source.
In this situation, the converters must be synchronized with
the main grid using PLL; which will affect the stability of
the system. In the case of islanded operating, the controller
objective is controlling the system voltage and frequency
based on the conventional droop characteristics [54]. There-
fore, the converter behaves as a voltage source. Transitioning
between controller schemes depending on operating modes
has the potential to induce a severe transient response, there-
fore activating the protective devices and eventually leading
to an entire system trip. However, it is important to note
that a faulty control transition can also occur in situations
where transitory and unexpected operational conditions are
occurring. In this study, cascaded voltage and current loop
controllers based on power droop were employed for both
operational modes of the microgrid. This choice is made to
eliminate the limitation of using the PLL, as seen in Fig. 5.

VI. THE PERFORMANCE EVALUATION
The majority of research in the literature has concentrated
only on the balanced grid synchronization of microgrids,
whereas this may not always be true for distribution sys-
tems. Furthermore, there is very limited attention given to the

impact of short-circuit conditions and zero-sequence voltages
on synchronization methods. In this section, the proposed
synchronization method performance is tackled and evalu-
ated based on unbalanced and balanced load conditions.

A. BALANCED SYSTEM
This subsection discusses several scenarios, including black
start capability, parallel inverter synchronization, transition-
ing from IM to GCM, re-synchronization of the DG-based
converter with the grid, and short circuit conditions.

1) BLACK-START CAPABILITY
Since the microgrid consists of two converters, it is assumed
that the microgrid is in a blackout condition. At t = 0 sec,
the microgrid, as depicted in Fig. 8, initiates its operation by
opening all switches. The sectionalization of the microgrid
is clearly visible. Therefore, each converter produces its own
volage and frequency, and then they will energize their local
network lines as shown in Fig. 9 (a) and (b). However, it is
necessary for restoring the microgrid to have at least one DG
unit to energize the entire microgrid lines; hence, DG #1 is
assigned for this restoration need.Meanwhile, there is no load
connected to the system; thus, at this moment, the supplied
power via each converter is almost equal to zero, as shown
in Fig. 9 (c). At t = 0.5 sec and t = 1.0 sec, local loads
are connected by closing SL1 and SL2, respectively, and each
converter feeds its local load as presented in Fig. 9 (d) for
DGs power. Since each DG unit operates as a standalone, the
sectionalized portion of the subsystem has its own frequency
depending on the loading condition and the droop coefficient
as shown in Fig.9 (e).

2) PARALLEL CONVERTER SYNCHRONIZATION
Based on the aforementioned case, each DG supplies its
local load. Therefore, forming the islanded microgrid can be
achieved by connecting the standalone DG units throughout
the closing SDGs. This case assesses the performance of
the proposed method for parallel converter synchronization.
At t = 1.5 sec, the CB control signal is set to connect
and synchronize the converters with each other as shown
in Fig.9 (f). However, the synchronization does not occur.
The rationale of this situation is that the synchronization
requirements are not met; therefore, the phase voltage angle
violates the acceptable range for synchronization. Therefore,
the synchronization of both converters starts at t = 3.25 sec
due to the validation of synchronization conditions, as can be
seen in Fig.9 (c), and (e). It can be observed that the proposed
method gives a smooth dynamic response in the case of a
synchronization parallel converter based on the GFM control
concept.

3) TRANSITIONING FROM IM TO GCM
The instance presented above allows for an examination
of the transitioning from IM to GCM, given that both units
of the distributed generation (DG) unit are synchronized and
operating in parallel. Therefore, at t = 5 sec, the CB at point
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FIGURE 9. The performance of the proposed method based on balanced
system for black-start and parallel converter synchronization, (a) the peak
and RMS voltage of DG unit #1, (b) the peak and RMS voltage of DG unit
#2, (c) local load connected to bus #1 and #2, (d) the supplied power by
each DG units, (e) the sub-system frequency produced via each DG units,
and (f) the provided synchronization signal to the SDG #2.

common coupling (PCC) received a command signal to syn-
chronize the islandedmicrogrid to themain grid, as illustrated
in Fig. 10 (a). As a result, the synchronization takes place at
t = 5.72 sec, as presented in Fig. 10 (c). The reason for the
synchronization delay is due to the need to satisfy specific
criteria such as voltage deviation, frequency difference, and
phase angle, as shown in Fig. 10 (d). During the synchroniza-
tion process, both DGs units follow the main grid frequency,
as shown in Fig. 10 (e). Thus, the supplied power via DGs
increases to reach the rated power because of the droop
controller characteristics. In other words, the power droop
controller is designed in such a way that it leads the DGs
units to supply their rated power once the system’s frequency
equals its nominal value, which in this case is 60 Hz. At t =

7 sec, the DG# 2 is disconnected from the microgrid, and
it remains feeding its local load of 55 MW. The voltage of
DC# 2 at the CB terminal is presented in the form of a peak
and RMS in Fig10 (f). The three-phase voltage waveform at
the CB terminal Sg during transitioning from IM to GCM
grid-connected synchronization is illustrated in Fig. 11.

4) RE-SYNCHRONIZATION OF THE DG-BASED
CONVERTER WITH THE GRID
In this case, re-synchronizing of the DG-based converter with
the grid is evaluated based on an intentionally disconnected

FIGURE 10. The proposed method performance based on transitioning
from IM to GCM and re-synchronization of the DG unit, (a) the provided
synchronization signal to the Sgrid, (b) the synchronization signal to the
SDG #2, (c) the supplied power by each DG unit during IM and GCM,
(d) the phase voltage difference at SDG #2 terminals, (e) the frequency of
each DG unit during IM and GCM, and (f) the instantaneous peak and
RMS voltage of DG unit #2.

FIGURE 11. The phase voltages variation of the three-phase voltage
waveform at CB terminals during GCM synchronization.

DG #2 by opening the SDG switch in Fig. 8 at t = 7 sec.
The switching signal for disconnecting SDG is shown in
Fig. 10 (b). Therefore, the microgrid remains stable and in
grid-connected mode. As shown in Fig. 10 (c), DG #1 still
supplies its local load and its available power to the main
grid, while DG #2 only supplies its local load. Once DG
#2 is disconnected, there is a slight over-voltage transient
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response. The cause of this phenomenon is due to the nature
of an inductive load, which is equal to 0.55 MW in this case.
Fig. 10 (f) presents the instantaneous and RMS voltages at
the DG #2 busbar. At t = 8.7 sec, the switch SDG#2 receives
a signal to re-synchronize DG #2 with microgrid, which is in
this instance in grid-connected mode. Thus, at t = 10.4 sec,
the DG #2 is smoothly re-synchronized with the microgrid,
as shown in Fig. 10 (c), while its frequency is gradually
reduced to reach the nominal grid frequency.

5) SHORT CIRCUIT EFFECT ON THE PROPOSED
SYNCHRONIZATION METHOD
This case investigates the efficacy of the proposed syn-
chronization mechanism in the context of a single-phase
to ground-short circuit occurring at both the converter and
microgrid sides. This case examines the proposed synchro-
nization of the system depicted in Fig. 8 during IM and GCM.
The rationale behind utilizing a single-phase short circuit
instead of a three-phase circuit is attributed to the presence of
zero-sequence and unbalance voltage, which presents more
challenges for the synchronization technique.

In islanded operation mode of the microgrid, at t = 3 sec,
a single-phase short circuit is applied at the microgrid side
of bus #2. Hence, the proposed synchronization method per-
mits DG #2 to immediately disconnect from the system, and
each DG feeds their local loads. Once the synchronization
conditions are met at = 7.1 sec, the DG #2 is re-connected
to the system as shown in Fig. 12 (a). At t = 8 sec, a single-
phase short circuit is applied at the converter side of bus #2.
Therefore, DG #2 is disconnected directly, even though the
CB control signal remains in connected mode. It is observed
that the power transient response of the DG unit during
short circuit conditions at the converter side is much higher
compared to the short circuit at the microgrid side.

Moreover, identical location of DG #1 at bus #1 is exam-
ined based on applying short circuit conditions at converter
and microgrid sides at t = 13 sec and 18 sec respectively.
In this case, the local loads’ power response is presented in
Fig. 12 (b).

The performance of the proposed synchronization method
is studied in grid-connected mode. At t = 1.6 sec, the
microgrid is synchronized smoothly with the main grid,
as presented in Fig. 12 (c). Hence, the DG units reach their
rated power by supplying the local loads and feeding the main
grid. At t = 3 sec and VII sec, a single-phase short circuit
has been applied at the microgrid and converter sides, respec-
tively. Therefore, the DG unit that is close to the fault will be
disconnected autonomously, while the microgrid remains in
grid-connected mode. It is notable that the re-synchronization
of disconnected DG units due to short circuit conditions in
grid-connected mode is much faster compared to islanded
mode, as shown in Figs. 12 (a) and (c). The cause of this
situation is that the frequency from the grid side is fixed,
while in islanded mode, the microgrid frequency is variable
based on loading conditions.

FIGURE 12. The performance of the proposed synchronization method
based on IM and GCM during short circuit conditions (a) the DGs power
supply during islanded microgrid, (b) local loads active power based on
IM of operation, (c) the DGs and main grid active power during applying
short circuit at several locations, (d) local loads active power based on
GCM of operation, (e) the instantaneous peak voltage at the PCC.

The last short circuit conditions were applied on micro-
grid and grid sides at the point common coupling (PCC).
Fig. 12 (c) shows the performance of the proposed syn-
chronization method when a single-phase short circuit is
applied at the PCC from the microgrid side at t = 25 sec.
Indeed, the proposed method autonomously disconnects all
CBs in the system; therefore, the microgrid is divided into
multiple islanded subsystems. At t = 27.85 sec, DG #1
starts to re-synchronize with the main grid, while DG #2
is re-synchronized with the entire system at t = 28.4 sec.
According to this case, the proposed synchronization method
has the capability to synchronize, re-synchronize, and discon-
nect autonomously based on the system operation conditions.
Hence, the proposed method introduces high reliability com-
pared to the synchronization approaches that exist in the
literature and are discussed in Table 1.

At t = 29.5 sec, a single-phase short circuit has been
applied at the main grid side of the PCC. Therefore, the
short circuit does not affect the entire microgrid operation
mode due to the stiffness of the main grid. Thus, in this case
the performance of the proposed synchronization method is
similar to the case of islanded microgrid mode. The power
transient response of the local loads based on GCM can be
seen in Fig. 12 (d). Hence, Fig. 12 (e) shows the voltage tran-
sient response at the PCC for both islanded and grid-connect
modes of microgrid operation.

B. UNBALANCED MICROGRID
This subsection evaluates the proposed synchronization per-
formance by considering unbalanced loads at bus #1 and #2,
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FIGURE 13. The GCM performance of the proposed synchronization
method during unbalanced local loads: (a) unbalance percentage of local
loads currents, (b) unbalance percentage of local loads voltages, (c) the
DGs and main grid active power during applying short circuit at several
locations, (d) the instantaneous peak voltage at the PCC, (e) local loads
active power.

as depicted in Fig. 8. The evaluation of the suggested syn-
chronization method is conducted in both grid-connected
and islanded operation modes. The performance of the pro-
posed synchronization method in cases of synchronization,
disconnection, re-synchronization, and reconnection is eval-
uated under different short circuit conditions. The following
cases are conducted based on various short circuit locations,
as illustrated in Fig. 8. Since the ANSI C84.1-1995 standard
defines the upper limit of current unbalance at 5%, while
the IEEE 45-2002 standard specifies a 3% maximum voltage
unbalance [55]. Unbalanced connected loads at bus #1 and
#2 produce approximately 5.5% of unbalanced current and
0.15%voltage in themicrogrid as shown in Fig. 13 (a) and (b).

1) UNBALANED LOAD DURING GRID-CONNECTED MODE
Initially, the microgrid starts in islanded operation mode,
where the DGs #1 and #2 are synchronized based on 0.5%
of the unbalanced voltage at the PCC. At t = 1 sec, the signal
of the CB is activated to synchronize the microgrid into the
utility. The shifting from IM to GCM occurs at t = 1.44 sec
once the synchronization conditions are fulfilled, as shown in
Fig. 13 (c). Therefore, the ripple fluctuations of unbalanced
current and voltage percentages are eliminated due to the
main grid compensation as presented in Fig. 13 (a) and (b).

At t = 3 sec, a single-phase short circuit is applied for five
cycles on the converter side at bus #1. Thus, the DG unit #1
is autonomously disconnected from the system, as shown in
Fig. 13 (c), while the voltage at the PCC of the microgrid does
not affect it because the microgrid remains in GCM with the
DG unit #2, as shown in Fig. 13 (d). It is notable that once the
short circuit condition is applied at the converter side, its local
load produces a high transient response due to the inrush short
circuit current, as depicted in Fig. 13 (e). After fault clearing
and the requirements for synchronization are fulfilled, the
DG unit #1 is autonomously reconnected into the microgrid,
which is in this case synchronizing an unbalanced DG unit
with the microgrid in GCM. Nevertheless, to avoid repetition,
an identical short condition has been applied at converter side
of DG unit #2 at t = 17 sec. Therefore, the results are similar
to the performance of DG #1 that was discussed earlier.

A single-phase to ground fault has taken place at the
microgrid side of DG #1 at t = 10 sec and DG #2 at
28 sec respectively. Therefore, both converters’ DGs units
are disconnected due to the disobeying of synchronization
requirements. In this case of short circuit at the microgrid
side, both local loads have less transient response compared
to the faults that are applied at the converter side as shown in
Fig.13 (e).

At t = 23 sec, a short circuit of single-phase takes place on
the microgrid side of the PCC, as illustrated in Fig. 13 (d).
Hence, the main grid is immediately disconnected, and the
supplied power to the main grid becomes zero, as presented in
Fig. 13 (c). This case presents the advantage of the proposed
synchronizationmethod to achieve smooth transitioning from
GCM to IM.

Lastly, at t = 36 sec, a short circuit occurs at the main grid
side. This case has no impact on the entire system’s operation
due to the fact that the shorted phase line at the PCC is seen as
a voltage sag at the microgrid side. Hence, the synchroniza-
tion algorithm does not detect any violation of the allowable
synchronization condition. It is clearly seen that the main grid
in this condition behaves as a traditional slack bus, which is
a stiff system. Therefore, Fig. 13 (c) shows the effect of this
condition on the DGs active power, while Fig. 13 (d) presents
the instantaneous peak voltage at the PCC when the short
circuit event occurred at the main grid side.

2) UNBALANED LOAD DURING ISLANDED MODE
This case study evaluated the performance of the proposed
synchronization method in islanded microgrid operation
mode by considering several single-phase short-circuit con-
ditions. The system begins in islanded mode, where both DG
units are synchronized with each other to form the IM of
the microgrid. Therefore, the unbalanced percentage of each
local load’s currents is around 3.5% for load #2, while it is
almost equal to 2% for load #1, as shown in Fig. 14 (a). In con-
trast, Fig. 14 (b) This case study evaluated the performance of
the proposed synchronization method in islanded microgrid
operation mode by considering several single-phase short-
circuit conditions. The system begins in each other to form the
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FIGURE 14. The IM performance of the proposed synchronization
technique during unbalanced local loads: (a) unbalanced percentage of
local loads’ currents, (b) unbalanced percentage of local loads voltages,
(c) the DGs and main grid active power during the application of short
circuits at several locations, (d) the instantaneous peak voltage at the
PCC, (e) local load’s active power.

IM of the microgrid. Therefore, the unbalanced percentage
of each local load’s currents is around 3.5% for load #2,
while it is almost equal to 2% for load #1, as shown in
Fig. 14 (a). In contrast, Fig. 14 (b) presents the unbalanced
percentage voltage at bus #1 and #2, which is approximately
equal to 0.15%. Once both DG units synchronize, connecting
them to the PCC brings the unbalanced percentage voltages
closer to each other.

At t = 3 and 17 sec, a single-phase ground fault event
occurs for five cycles at the converter side of DG units
#1 and #2, respectively. Immediately, the DG unit is discon-
nected from the microgrid, and the unbalanced percentage
of the loads’ current is reduced to be below 2% while the
percentage of the unbalanced voltage is increased based
on the loading condition, as shown in Fig. 14 (a) and (b).
Hence, each DG unit works as a standalone with its local
load, as depicted in Fig. 14 (c). However, since the focus
of this paper is on the proposed synchronization method,
the protection system and procedure are not considered here.
Fig. 14 (d) presents the instantaneous peak voltage at the
PCC. In a short-circuit event at the converter side, the local
power experiences a high inrush short-circuit current that
causes a high transient response of the local loads’ active
power, as shown in Fig. 14 (e). Re-connecting each of the

DG units with the microgrid occurs at t = 7.5 sec for DG #1
and around t = 21.77 sec for DG #2. Consequentially, DG #1
takes almost 4.5 sec to resynchronize, while DG #2 takes
4.77 sec. The rationale for this difference is mainly dependent
on the droop characteristics and the loading conditions.

Two single-phase to ground-short circuits occurred on the
microgrid side with respect to the DG units. These events
occurred at t = 10 sec for DG #1 and t = 28 sec for DG #2,
respectively. During these conditions, the proposed disobey-
ing of the synchronization allowable window based on the
phase voltage difference at DG’s CB terminals from the sys-
tem, as shown in Fig. 14 (c). As a result, eachDGunit supplies
its own local load, leading to the microgrid being split into
sectionalized sub-systems. In other words, each DG operates
in standalone mode. When the synchronization requirements
are almost met at t = 14.7 sec, DG #1 re-synchronizes with
the microgrid. An identical dynamic behavior happens for
DG #2 at t = 32.7 sec.
At t = 23 sec, a single-phase fault takes place at the

PCC, as depicted in Fig. 14 (c). Due to the microgrid lines’
inductances, this fault does not affect the DGs’ CBs. Hence,
both DGs’ units remain synchronized and form the islanded
microgrid. Nevertheless, the transient response of the local
loads due to the short circuit condition in the case of an
unbalanced load during IM is less than in the case of an
unbalanced load during GCM, as shown in Fig. 14 (e).

C. MULTIPLE MICROGRIDS SYNCHRONIZATION
This subsection presents a case study that was conducted on a
modified version of the 138 kV IEEE 14-bus benchmark test
system as shown in Fig. 15. Readers should refer to [56] for
further information about this system. Four islanded micro-
grids (Fig. 8) have been added to be connected to bus #5,
#6, #12, and #14. For the sake of simplicity and proof of
the proposed synchronization concept, all connected micro-
grids are identical. Since the system’s voltage is very high
compared to the microgrid voltage level, each microgrid has
been connected via a step-up transformer. The purpose of
the study is to validate and demonstrate the effectiveness of
the proposed method for synchronizing several microgrids.
This configuration was selected to demonstrate the generality
of the proposed synchronization method. This case presents
the system transient response when the microgrid transitions
from IM to GCM.

Initially, the generators start supplying the loads of the
conventional IEEE 14-bus. Therefore, synchronizing each
microgrid with the system will be done in a sequential man-
ner, depending on the requirements of the operator decision,
which is predefined in this study.

At t= 1 sec, the CB associated with the microgrid (1) is set
to synchronize the microgrid (1) with the system. Once the
required synchronization conditions are met, the microgrid
(1) synchronizes with the system at almost t = 2.07 sec
Fig. 16 (a) presents the supplied active power from microgrid
(1) into the system at the PCC. Fig. 16 (b) shows the reactive
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FIGURE 15. Layout of the modified IEEE 14-bus benchmark system with four microgrids.

FIGURE 16. The proposed method’s performance based on synchronizing
multiple microgrids with the IEEE 14-bus system, (a) the supplied active
power from each microgrid into the system, (b) the consumed reactive
power from the system by each microgrid, and (c) the voltage at the PCC
of each microgrid.

power response, and Fig. 16 (c) shows the voltage response
at the PCC of the microgrids.

The imported reactive power from the main grid raises
the voltage at the PCC of the microgrid (1) due to the
implementation of a Q-V droop controller. The voltage at
the PCC responds smoothly during the synchronization or
change from IM to GCM. The CB that is linked with micro-
grid (2) has received the connection signal at t = 2 sec.

The synchronization with the IEEE 14-bus system happened
approximately at t = 4.25 sec, as shown in Fig. 16 (a). Since
the control signal has been sent to the CB of microgrid (3)
at t = 6 sec, the synchronization action in this case takes
less time compared to microgrids (1) and (2), which occurs
at t = 6.4 sec Fig. 16 (a), (b), and (c) present the micro-
grid’s (3) active power, reactive power, and voltage at its PCC
respectively.

The synchronization signal of the CB related to microgrid
(4) is set at t = 7.5 sec. Therefore, the transition from IM
to GCM in microgrid (4) takes place around t = 8.6 sec,
as can be seen in Fig. 13 (a). The collected reactive power
response from the main grid to the microgrid (4) is shown
in Fig. 16 (b), while the voltage at its PCC is presented in
Fig. 16 (c).
It is notable that the peak phase-voltage difference at the

CB terminals is a time-varying value. Hence, the required
time for synchronization mainly depends on the interval
between the synchronization signal and the minimum value
of the phase voltage difference. Fig. 17 (a), (b), (c), and (d)
capture the instant of CB and the instant of synchronization
of microgrid (1), microgrid (2), microgrid (3), and microgrid
(4), respectively.

As a result of the fact that the voltages of the IEEE 14-bus
system are not significantly impacted by the synchronization
of multiple microgrids due to system stiffness, it is feasible
that all the microgrids will receive the synchronizing control
signal at the same time since the converter controller is based
on the droop controller of the GFM. As a result, synchro-
nization can take place simultaneously for many microgrids
provided that the conditions necessary for synchronization
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FIGURE 17. The instantaneous peak-phase voltage difference across the
terminals of the CB, (a) the CB’s phase voltage difference of microgrid (1),
(b) the CB’s phase voltage difference of microgrid (2), (c) the CB’s phase
voltage difference of microgrid (3), and (d) the CB’s phase voltage
difference of microgrid (4).

FIGURE 18. The performance of the proposed method based on
simultaneous synchronizing of multiple microgrids with the IEEE 14-bus
system, (a) the supplied active power from each microgrid into the
system, (b) the consumed reactive power from the system by each
microgrid, and (c) the voltage at the PCC of each microgrid.

are successfully satisfied. Fig. 18 presents the performance
of the proposed method when synchronizing the four micro-
grids simultaneously. In fact, simultaneous synchronization
of multiple microgrids is only possible when all microgrids
are identical and synchronized for the first time with the
IEEE 14-bus system. However, once all the microgrids are
disconnected in sequential manner then the phase voltage
difference will vary based on the time of disconnection and
the location of the microgrid.

Fig. 18 (a) shows the feeding of active power into the IEEE
14-bus system, which is roughly equal to 0.7 MW via each
microgrid. However, the slight variation of supplied power
between the microgrids is mainly due to the IEEE 14-bus
lines impedances and voltage buses’ variations. Therefore,
each microgrid exhibits variation in the absorbed reaction,
as depicted in Fig. 18 (b). The reason is mainly based on
the correlation between Q and V according to the droop
characteristic that is applied to the converter controller. The
voltage at the PCC of each microgrid is marginally increased,
as depicted in Fig. 18 (c).

VII. CONCLUSION
Using the idea of a traditional synchronizationmethod resting
on dark bulbs, this paper aims to propose a generic method-
ology for microgrid synchronization. This work specifies
a comprehensive assessment of the synchronization meth-
ods in the published works. The proposed method has been
studied resting on both unbalanced and balanced systems
during abnormal and normal operating conditions, such as
short circuit conditions, in contrast to most synchronization
approaches in the literature that are conducted based on only
a balanced system. The proposed synchronization method
offers several pros. In summary, these benefits are as follows:

• The proposed synchronization method is straightfor-
ward to implement; hence, it has no impact on the
stability of the system or the controller’s parameter
tuning.

• The proposed synchronization technique offers a pro-
tection feature that disconnects the CB in the case of
abnormal operation conditions, such as short circuits.

• An autonomous disconnect due to a fault event and
re-synchronizing the microgrid after fault clearance are
the inherent features of the proposed synchronization
method.

• To the author’s best of knowledge, there is no evaluated
method in the literature that is capable of being applied
for synchronizing, re-synchronizing, and disconnecting
in the following desired conditions: transitioning from
IM to GCM, synchronizing multiple IM microgrids,
transitioning from GCM into IM based on operation
conditions or operator requirements, and sectionalizing
the IM microgrid into multiple isolated standalones in
case of a fault.

• The proposed synchronization method does not need a
infrastructure for communication; hence, this technique
relies heavily on local measurements at any CB in the
microgrid.

• The benefit of the proposed method is that there is no
need to employ the PLL, whether in the GFM converter
controller or the synchronization algorithm.

• The plug-and-play feature exists due to the development
of the proposed method at each CB with no change or
modification of the converters’ controllers.

Future research will concentrate on the improvement of the
proposed approach for single-phase microgrid applications
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since it has shown significant flexibility for this purpose.
In addition, the proposed solution shows an effective way to
enhance the synchronization method while maintaining the
stability of the microgrid. Importantly, this enhancement is
achieved without the need for any communication link among
the DG-based units or among the multiple microgrids. The
presented results in this study are validated and evaluated via
time-domain simulations in a PSCAD/EMTDC environment.
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