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ARTICLE INFO ABSTRACT
Keywords: The increasing integration of renewable energy sources and distributed energy resources is accelerating the
Microgrid cluster transformation of traditional power systems into smart grids. This transformation relies heavily on the deploy-

Seamless synchronization
Grid-forming inverter
Grid-feeding inverter
Differential evolution

ment of microgrids (MGs), which offer enhanced flexibility, resilience, and sustainability. However, ensuring the
stable and efficient synchronization of MGs, especially during transitions between islanded and grid-connected
modes, remains a critical and unresolved challenge. This challenge is further amplified in MG clusters (MGCs),
where coordinated operation is essential to maintain power quality and system reliability. Driven by the need to
address this challenge, this study proposes a real-time synchronization control method to enhance the dynamic
performance and operational reliability of MGCs. The main objective is to design and validate an optimal control
strategy capable of minimizing frequency deviations and improving power sharing during the synchronization
process. To achieve this, an optimal seamless synchronization control based on a differential evolution (DE)
algorithm is developed. This controller optimizes a frequency error control objective function in real time and is
tested on an MGC architecture combining grid-forming (GFM) and grid-feeding (GFD) inverters. This work ad-
dresses the lack of robust, fast, and quantifiable synchronization methods for hybrid inverter-based MGCs, a gap
that this study aims to fill. The proposed method enables accurate optimization of the transition between
islanded and grid-connected modes. Simulation results demonstrate substantial performance gains: a 66.33%
reduction in the ITSE compared to a synchronization strategy based on the fmincon optimization algorithm, and
a 37.91% improvement over a conventional approach that adjusts synchronization by modifying the droop
control coefficients. Furthermore, a comparative analysis with the particle swarm optimization (PSO) algorithm
demonstrated that the DE-based approach reduces computation time by 20.29%, highlighting its superior effi-
ciency and suitability for real-time embedded implementation. A sensitivity analysis involving 500 different
scenarios, including evaluations under fault conditions, confirms the robustness of the approach. The average
ITSE for these 500 simulations was 0.2459, with a standard deviation of 0.041, demonstrating consistent and
reliable performance under varying load conditions. Moreover, a second sensitivity analysis, conducted over 250
simulations, identified the optimal DE parameters, enabling the selection of an effective combination of popu-
lation size, mutation factor, and crossover rate. Finally, experimental validation using a Hardware-in-the-Loop
setup, with an OPAL-RT4512 unit and a dSPACE MicroLabBox, verifies the effectiveness and real-time perfor-
mance of the proposed control strategy.

1. Introduction that they offer of combining local distributed energy resources (DERs)
and loads within distribution networks. Moreover, it is possible to
Microgrids (MGs) are essential in smart grids due to the possibility connect several nearby MGs to build a microgrid cluster (MGC), thereby
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enhancing flexibility, resilience and operational efficiency (Jin et al.,
2024). This arrangement enables MGs to handle operations indepen-
dently when operate in grid-connected (GC) mode, promoting cost-
efficient functioning (Gabbar and Abdelsalam, 2014). Furthermore,
MGCs can operate independently, relying on DERs and energy storage
systems (ESSs) to act as self-sufficient energy sources, which bolsters
reliability, robustness, and security (Tang et al., 2025). The capability to
alternate between GC and islanded (IS) modes grants modern active
distribution grids centered on MGs greater flexibility compared to
traditional power systems characterized by one-way power flow.
Therefore, proper coordination with the distribution network operator
remains essential.

The main role of GC-MGCs is to generate a specified controlled
amount of power (Liu et al., 2024), aiming to achieve an optimal energy
distribution considering costs, losses, or emissions. However, these
systems do not manage frequency and voltage regulation. In contrast,
MGCs operating in IS mode are primarily responsible for regulating
frequency and voltage (Hmad et al., 2023). One of the key challenges in
current research is achieving smooth synchronization of MGCs with the
main grid, largely due to the widespread use of low inertia MGs based on
DERs and ESSs in both GC and IS modes (Yi et al., 2022); (Koohi-Kamali
and Rahim, 2016).

According to (D’Silva et al., 2020); (Rezaei and Kalantar, 2015), the
main issues associated with the seamless transition between GC and IS
modes are as follows: 1) frequency variations that cause disruptions in
the stability of the MGC, and 2) significant fluctuations in the voltage
and current output of the linking converter due to changes in its oper-
ating mode.

Droop control-based strategies are among the most widely imple-
mented approaches that enable a smooth transition (Ghosh and Zare,
2023). Authors in (Ganjian-Aboukheili et al., 2020) proposed an
adapted droop control coefficients to replicate the inertia characteristics
of a synchronous generator from GC to IS mode. However, the perfor-
mance of the transition algorithm between both modes was not evalu-
ated quantitatively. In (Hennane et al., 2022), a distributed nonlinear
control strategy based on droop control was proposed to enhance the
synchronization and power sharing of distributed generators (DGs) in a
mesh MG under both islanded and grid-connected modes. The approach
enabled seamless transitions between modes without compromising the
balance of active and reactive power. While this work provided a robust
synchronization framework for individual DGs, its scope remains limited
to local control schemes without addressing global optimal coordination
across MGCs. A modification of the droop control technique was
employed in (Shahab and Wang, 2021), where the droop coefficients
were replaced with transfer functions in a double control loop. Never-
theless, only time-domain results were presented, and the practical
validation of the proposed approach was not demonstrated. The modi-
fied droop control technique was also implemented in (Cao et al., 2023),
where a reverse droop control strategy was proposed to address the AC
voltage and frequency imbalances during mode transitions. This
approach enabled the output power of the linking converter to adjust
dynamically to the rated load, reducing voltage and frequency
deviations.

The adaptation of the virtual synchronous machine control strategy
was proposed in (Huaman et al., 2024) to smooth grid reconnection
transitions by synchronizing with the main grid. While this approach
reduced voltage transients and minimized amplitude and frequency
deviations compared to traditional control methods, the synchroniza-
tion process itself was not optimized. Instead, it relied on conventional
control layers without employing advanced optimization techniques to
enhance reconnection dynamics and further reduce transient distur-
bances A pre-synchronization strategy for virtual synchronous generator
converters was proposed in (Liu et al., 2024) to align the output voltage
parameters—frequency, amplitude, and phase—with those of the main
grid prior to reconnection. The approach relied on traditional phase
locked loop (PLL) techniques combined with droop control. While the
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method allowed for a smooth adjustment of the VSG output to meet grid
requirements, the use of conventional PI controllers limited the dynamic
adaptability and optimal performance of the synchronization process,
especially under fast-changing conditions. Similarly, (Gong et al., 2024),
presented a tuning of PI controllers based on the golden jackal optimi-
zation algorithm to enhance synchronization performance. However,
the underlying PI structure remained unchanged. As a result, the control
may suffer from limited robustness in the presence of nonlinearities,
rapid transients, or significant disturbances, especially under varying
grid conditions.

Droop control technique, even with modifications, remains inher-
ently slow due to the required temporal decoupling from voltage con-
trollers in order to preserve system stability. To mitigate this drawback,
advanced nonlinear control methods, such as virtual oscillator control
(Awal et al., 2020), have been proposed. Additionally, the deployment
of dispatchable units, particularly ESSs (Talapur et al., 2018), has been
suggested to enhance system performance. In (Khan et al., 2023), a
synchronization algorithm was developed to ensure the smooth recon-
nection of an islanded MG to the utility grid. The method introduced an
adaptive control scheme to regulate transient behavior through a two-
stage process composed of a synchronization loop and a set of stop-
ping criteria. Nonetheless, the approach did not incorporate an opti-
mization strategy for the synchronization process, which could have
further improved the efficiency and performance of the transition. The
work presented in (Li et al., 2024) developed a distributed cooperative
synchronization strategy for multiple parallel grid-supporting inverters
within an AC MGs. Each inverter relied on local measurements to esti-
mate the grid phase angle and communicated with neighbouring units to
collectively achieve synchronization. Nevertheless, although the
approach effectively prevented single points of failure and enabled
inverter coordination, the synchronization process was not optimized.

A generalized fourth-order filter was employed in (Yadav et al.,
2024) to estimate the fundamental components and the phase angle for
synchronization, with the aim of enhancing power quality and ensuring
smooth switching. Although the system demonstrated good perfor-
mance under certain test scenarios, it lacked dynamic coordination
mechanisms capable of adapting to fast transients or highly variable
conditions. Similarly, an optimal Kalman filter-based phase-locked loop
was proposed in (Buduma et al., 2021) to accurately estimate the phase
and frequency of the grid voltage signal during MG synchronization. The
Kalman filter gains were optimized by tuning the covariance matrices
using a particle swarm optimization algorithm. However, this method
was not applied or validated for the synchronization of a MGC, limiting
its direct applicability to more complex MGC scenarios.

Intelligent control algorithms have been also proposed for smooth
transitions between IS and GC modes. In (Khan et al., 2023), fuzzy
proportional-integral and steepest descent-based fuzzy logic (FL) con-
trollers were employed to enhance synchronization and handle un-
certainties, ensuring a seamless reconnection to the utility grid.
Similarly, in (Hmad et al., 2019), a FL approach facilitated a smooth
transition between GC and IS modes by enabling gradual mode shifting
and enhancing disturbance rejection through optimized voltage loop
control. However, a practical implementation was not demonstrated in
these studies.

The model predictive control (MPC) technique has been used to
facilitate a seamless transition to the main grid (Fachini et al., 2024). An
enhanced adaptive MPC approach for grid-forming (GFM) converters
was proposed in (Meng et al., 2023) to facilitate seamless transitions
from islanded to grid-connected states. It focused on minimizing
voltage, current, and frequency fluctuations during the transition, while
optimizing frequency stability and response speed. Similarly, an MPC for
a voltage source inverter was introduced in (Li et al., 2017), using a
simple synchronization algorithm through the application of a second-
order generalized integrator. However, MPC requires system line-
arization—a process that can be particularly challenging for MGCs due
to their significant nonlinearities—and also demands precise tuning of
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the weighting coefficients.

Although the synchronization of MGCs between IS and GC modes is a
current area of research, the existing literature presents several limita-
tions that have yet to be adequately addressed. In the majority of studies
(Ganjian-Aboukheili et al., 2020; Shahab and Wang, 2021; Cao et al.,
2023), the transition between these modes is managed through an
approach that modifies the droop control coefficients, which results in
slower system responses (D’Silva et al., 2020). Moreover, deviations in
frequency and voltage become more significant (Poonahela et al., 2023),
and the system shows increased sensitivity to disturbances (Xu et al.,
2021). Most works address the synchronization issue from a qualitative
perspective, lacking a numerical approach that would allow for a
quantifiable assessment of the control effectiveness (Ganjian-Aboukheili
et al., 2020), thus hindering the accurate evaluation of its performance.
Another critical factor to consider is the practical viability of the pro-
posed solutions. While fuzzy logic-based algorithms (Khan et al., 2023;
Hmad et al., 2019) have demonstrated their effectiveness in time-
domain simulations, their experimental validation remains unproven.
Approaches based on MPC (Fachini et al., 2024; Meng et al., 2023; Li
et al., 2017) require plant linearization and precise tuning, which can be
a complex and challenging task.

In this context, the present work offers significant advancements
over the existing literature by introducing a quantitatively validated and
experimentally verified synchronization strategy that optimizes the
transition between IS and GC modes in MGCs. Unlike conventional
droop control methods that cause slow responses and instability during
mode switching, the proposed approach applies a differential evolution
(DE) algorithm to dynamically and optimally coordinate power sharing
between GFM and grid-feeding (GFD) inverters. This enables faster,
smoother, and more stable synchronization, effectively eliminating
frequency fluctuations and voltage deviations typically observed in
previous works. Furthermore, this study introduces a novel objective
function based on integral time square error (ITSE) to rigorously
quantify synchronization performance, providing a clear and consistent
metric for optimization and comparison. The control strategy is also
validated against IEEE Std. 1547-2018, ensuring compliance with in-
dustry standards. Importantly, the practical feasibility of the proposed
method is demonstrated through comprehensive hardware-in-the-loop
(HIL) testing, confirming its real-time implementation capabilities and
robustness—an aspect often missing in previous research. Collectively,
these contributions address key gaps in the literature and deliver a more
reliable and effective synchronization framework suited to the

Table 1

Expert Systems With Applications 297 (2026) 129461

increasing complexity of modern MGC.

Table 1 presents a comparative overview of seven key aspects
addressed in this work, which have not been comprehensively covered
in previous synchronization approaches. These aspects include the
experimental validation (‘Experimental Validation’ in Table 1), the
integration of an optimization algorithm within the synchronization
framework (‘Optimization Algorithm’), the use of a quantitative metric
to assess synchronization performance (‘Quantifies Synchronization’),
the achievement of smooth synchronization between GC and IS modes
(‘Smooth GC-IS transition’), the implementation of an advanced control
strategy (‘Advanced Control Strategy’), the combined use of both GFM
and GFD inverters (‘Coordination of GFM & GFD’), and compliance with
the IEEE 1547-2018 standard (‘IEEE 1547'). First, this paper introduces
a quantitatively optimized synchronization procedure, using the widely
recognized ITSE as a performance metric. In addition to achieving a
stable synchronization, the proposed method strictly complies with the
IEEE 1547-2018 standard, thereby ensuring validation against a well-
established international benchmark. Furthermore, the DE meta-
heuristic optimization algorithm is employed, offering notable compu-
tational efficiency and ease of implementation for real-time
applications. Another novel contribution lies in the design of the MGC
architecture, which integrates both GFM and GFD inverters based on
MGs. This hybrid configuration enhances the system’s flexibility and
robustness, yet remains largely unexplored in the existing literature. To
the best of the authors’ knowledge, no prior study has simultaneously
addressed all these aspects within a unified control and synchronization
framework.

The primary contributions of this work in response to the challenges
previously discussed are outlined as follows:

1) Development and implementation of a novel synchronization
control system that enables an optimal, seamless transition between IS
and GC modes. This proposed approach integrates a DE algorithm to
intelligently optimize the power setpoints of MGs linked with both GFM
and GFD inverters. By coordinating these inverter types, the proposed
method effectively mitigates frequency oscillations and voltage de-
viations during mode transitions, significantly improving dynamic
response times compared to traditional droop control-based techniques
and optimization techniques. This coordination mechanism enhances
stability and robustness in real operating conditions, where rapid and
precise synchronization is essential.

2) Introduction of a rigorous quantitative framework for evaluating
synchronization performance, based on a newly formulated objective

Comparison of Existing and Proposed Methods for Synchronization Between IS and GC Modes in MGCs.

Ref ExperimentalValidation =~ OptimizationAlgorithm  Quantifies Smooth Advanced Coordination of GFM &  IEEE
Synchronization GC-IS ControlStrategy ~ GFD 1547
(e.g ITSE) transition
(Ganjian-Aboukheili v x x v v x x
et al., 2020)
(Hennane et al., 2022) v x x v v x x
(Shahab and Wang, v x x v v x x
2021)
(Cao et al., 2023) x x x v x x x
(Huaman et al., 2024) x v x v v x x
(Liu et al., 2024) x x x v x x x
(Gong et al., 2024) v x x v v x x
(Awal et al., 2020) v x x v v x x
(Talapur et al., 2018) v x x v x x x
(Khan et al., 2023) x x x v x x x
(Li et al., 2024) v x x v x x v
(Yadav et al., 2024) v x v v v x v
(Buduma et al., 2021) v v x v v x x
(Khan et al., 2023) x v v v v x v
(Hmad et al., 2019) x v v v v x v
(Fachini et al., 2024) x v v v v x v
(Meng et al., 2023) v v x v v x v
(Li et al., 2017) x x x v x x v
Paper v v v v v v v
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function that minimizes ITSE of frequency deviations during synchro-
nization events. The proposed DE algorithm enables systematic tuning
and optimization of control parameters, providing a measurable metric
for assessing control effectiveness. Additionally, the synchronization
strategy is validated against the latest IEEE Std. 1547-2018 standards,
ensuring compliance with industry requirements and supporting its
applicability in real-world MG deployments.

3) Comprehensive experimental validation of the proposed syn-
chronization strategy through hardware-in-the-loop (HIL) testing, using
an OPAL-RT4512 real-time simulator and a dSPACE MicroLabBox
controller. The control algorithm was initially tested through detailed
time-domain simulations in MATLAB/Simulink, and subsequently
implemented and verified under real-time conditions to demonstrate
computational efficiency, robustness, and fidelity. This end-to-end
validation confirms the practical feasibility of the proposed method
and its readiness for deployment in real MG environments.

The rest of this paper is organized as follows: Section II presents the
MGC under study. Section III introduces the synchronization control
scheme that enables operation in both IS and GC modes. The DE algo-
rithm proposed for optimizing the grid synchronization process is out-
lined in Section IV. Section V provides the results obtained and their
discussion. Finally, Section VI presents the main conclusions drawn from
this work.

2. Dynamic modelling of the MGC

To ensure stability in IS mode, at least one inverter must operate as
GFM converter. This is essential for regulating voltage and frequency in
the absence of a main grid. While droop control is the common approach
to perform the power distribution, it does not provide direct control over
active or reactive power based on predefined setpoints. Consequently,
GFD inverters are thus employed to precisely control the power injection
of MGs when required.

This paper presents an optimal combination of the two previously
discussed inverter types for both operational modes. As depicted in
Fig. 1, the proposed MGC consists of three MGs. Of these three MGs, two
are coupled to GFM inverters, and the remaining one to a GFD inverter.
The output voltage level is set at 480 V. Furthermore, to mitigate har-
monic distortion and voltage fluctuations, an RLC filter is integrated.

fi=foi+mni(P,;
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Next, an isolated transformer is utilized to step up the voltage level to
600 V. The MGs are interconnected via transmission lines to a point of
common coupling (PCC). A circuit breaker facilitates the switching
operation between the IS and GC modes.

In order to regulate the individual MG operation, a local control
approach is employed for every inverter, utilizing a cascade structure.
This methodology is commonly adopted in MG management due to its
ability to enhance system control accuracy. By employing a nested-loop
configuration, conventional linear control techniques can be effectively
utilized, yielding improved response times and greater robustness
against disturbances. In the studied MGC, there are four sequential
controllers for the GFM inverters, while three controllers are dedicated
to the GFD inverter. The cascade control architecture for the MGC is
illustrated in Fig. 2.

The local control system for the MGs linked through GFM inverters
includes a combination of a traditional droop control, current regula-
tion, voltage management, and an inverter gate signal generator. The
initial controller of this control scheme is the droop control, which de-
fines the frequency of each MG according to the following equation:

- Py (@)

where the frequency for each MG is denoted as f;, while f, ; represents
the reference frequency. The droop control factor is labelled as n;, and
P,; indicates the power corresponding to frequency f,;. Meanwhile, P;
represents the measured active power. Note that the subscript i pertains
to each specific MG.

Adopting an analogous methodology, the output voltage of each MG
(V;) can be derived using the following equation:

Vi= Vo —miQ 2

In this context, the setpoint voltage is denoted as V,;, while m; refers
to the voltage droop control coefficient, and Q; represents the reactive
power. It is worth noting that, under the voltage droop control config-
uration, Q,; is assumed to be zero.

The voltage control mechanism adjusts the values of the direct (V)
and quadrature (V) voltage to match the reference target obtained from
Eq. (2). To reduce the difference between the measured and setpoint
values, a PI controller is adopted. This controller generates the necessary

reference current values, which are expressed as I, I,.
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Fig. 1. Configuration of the MGC under study.
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The subsequent control stage focuses on the current controller. Its
purpose is to adjust the measured values of direct (I;) and quadrature
(I;) current to track the predefined reference values. A PI controller is
applied to reduce the difference between the measured and referenced
signals. The control outputs from these PI controllers are denoted as v4;
and vy ;, which correspond to the voltage controlled by each inverter. To
ensure the interdependence of the direct and quadrature components, it
is necessary to decouple these axes. This decoupling is achieved via
feedforward decoupling, as outlined in the following equations:

Vacon = Va+ Ide — Iqu +Vq; 3)

quco,, =Vi+ Ide +Iqu + Vi 4)

where Ry and Ly represent the filter’s resistance and inductance.

A conventional pulse width modulation (PWM) is employed by each
inverter to generate output pulses. The modulation index (M) and the
angle (©) are calculated using the expressions defined in Egs. (5) and

(6):

Vd.com Vq.con
Yoe _1 (6]

2 Vsec‘ 2

M=

&

Vd‘can 5 Vq.con

VYpe _1

2 VeeV2
Vi

0=z +wt (6)

In this context, © denotes the phase angle of the PWM signal, Vpc
represents the input direct voltage, and V,, stands for the rated sec-
ondary voltage of the transformer. Finally, the PWM block is responsible
for generating the activation signals for the inverter, thereby ensuring
control over the voltage and frequency, as depicted in Fig. 2.

To adjust the cascade control method for the MG connected via a
GFD inverter, a different approach is used. Initially, it is essential for
these converters to synchronize precisely with the AC voltage at the
PCC. This is accomplished by using a PLL. Following this, the traditional
droop control and voltage regulation are substituted with a power
controller. In this configuration, the reference values for active and
reactive power (P and Q) are divided by V; to derive the reference
currents, I; and I;. These currents are subsequently used in the current
control loop. The rest of the cascade control structure remains un-
changed from the one employed for the GFM inverters.
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3. Synchronization control scheme

This section outlines the optimal control scheme that ensures smooth
synchronization between IS and GC modes. A control structure enabling
operation in both modes is proposed, incorporating a synchronization
loop as depicted in Fig. 3. Initially, a primary control based on tradi-
tional droop control is adopted for MGs connected through GFM in-
verters. For the MG connected via a GFD inverter, a local control based
on the power to be injected by the MG is utilized. The secondary control
offers two functions: it restores frequency values to the rated frequency
in response to disturbances from the primary control and corrects
voltage deviations to the MGC nominal value.

For this purpose, the secondary control has two different modes of
operation. First, when switch S, is in position 1 and switch S, is also in
position 1, this indicates that the MGC operates in IS mode. In this
operational mode, the GFM inverters must generate and control the
frequency and voltage according to the reference values. Specifically,
the secondary control sets the reference values to f,,,n, for frequency and
Vnom for voltage, respectively. Two independent PI controllers adjust the
error between the measured frequency at the PCC (fpcc) and the
measured voltage (Vpcc). The outputs of these controllers provide the
reference values of frequency (f,) and voltage (V,) , which are applied in
Egs (1) and (2), respectively, to restore the deviation produced in the
droop control.

On the other hand, when switch S, is in position 2 and switch Sy, is
also in position 2, the MGC operates in GC mode. In this operational
mode, the main grid is responsible for maintaining voltage and fre-
quency, and the MGC injects a specified power into the grid. Two in-
dependent PI controllers, one for active power and another for reactive
power, are used to adjust the power injected at the PCC according to the
reference values for active (P.y) and reactive (Q.s) power. The output
signals of both PI controllers are used as the reference values for fre-
quency and voltage for the secondary control in GC mode.

To interconnect a MGC into a main grid, usually considered as an
infinite power grid, it is essential to achieve synchronization at the PCC.
This synchronization involves aligning frequencies, voltage phases, and
magnitudes at the PCC. Frequency discrepancies can be minimized due
to the frequency restoration carried out by secondary frequency loops

GC power control

Pref —~@QPI~fres Qrer.g) Vier
Ppcc TQPCC
from
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and the use of identical rated frequencies. However, the phase and
magnitude differences in the PCC voltages must be controlled to be
reduced as much as possible to ensure stability (Naderi et al., 2023).

In practical scenarios, achieving a perfect alignment in voltage
amplitude, frequency, and phase angle to switch off a circuit breaker and
synchronize with the main grid is a significant challenge. Consequently,
the circuit breaker cannot be turned off precisely at that perfect syn-
chronization point (Ransom, 2014). Instead, the control systems are
designed within an acceptable tolerance range for variations in these
three critical parameters. According to IEEE Std. 1547-2018 (Std,
2018), the voltage deviation between the MGC and the main grid must
not exceed 5 % of the grid voltage. The frequency difference should be
limited to 0.2 Hz. Moreover, the maximum permissible phase angle shift
is 15 degrees. These parameters will be utilized to synchronize the MGC
with the main grid and ensure supply quality during the transition.

To achieve a smooth synchronization that adheres to the aforemen-
tioned constraints, two independent control loops are employed. Two
individual PLLs are used to express the measured voltages at the PCC
(Vpee) and the grid (Vgrg) in the dq frame. During the synchronization
process, switches S. and Sy are set to position 1. A PI controller adjusts
the direct component of the MGC voltage (V/°C) to match the direct
component of the grid voltage (V§4), resulting in a new term, denoted
as 8y, which is added to the secondary control to align the MGC voltage
with the main grid voltage. Similarly, another PI controller corrects the
error between the quadrature component of the MGC voltage (qucc) and
the quadrature component of the grid voltage (fo’id). This results in a
new term represented as 8¢, which is also included to the secondary
control to align the frequency and phase angle with the main grid,
facilitating a smooth synchronization. Once the synchronization is
complete, the circuit breaker that connects the MGC to the main grid is
closed, and both switches S, and S, are set to position 2.

4. Optimal synchronization differential evolution algorithm
In the literature, there are limited research on synchronization

methods that facilitate a smooth transition to GC mode using both GFM
and GFD inverters (Alrajhi, 2024). GFD inverters are capable of
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regulating the voltage and frequency of isolated MGs, ensuring their
stability and reliability even in the absence of the main grid. Regarding
current advancements in converter-based MGs control methodologies
and MGs synchronization strategies (IEEE Texas Power and Energy
Conference (TPEC), 2020), some studies have explored the integration
of battery energy storage systems (BESS) for power management.
However, the effectiveness of this control scheme is constrained by the
requirement that the capacity of the BESS connected to the inverter
should be no less than 150 % of the MG’s average power requirement
(Talapur et al., 2018).

Unlike most studies proposed in the literature based on the variation
of droop coefficients (Ganjian-Aboukheili et al., 2020; Shahab and
Wang, 2021; Cao et al., 2023), this work introduces a novel and optimal
approach, which is based on calculating the optimal power that the GFD
inverter should inject to minimize the ITSE during the synchronization
process. In the proposed approach, it is also possible to quantify the
performance of the synchronization process, which is commonly over-
looked in most studies (Khan et al., 2023; Hmad et al., 2019; Meng et al.,
2023; Li et al., 2017), and keep the MG within its nominal capacity.

This section introduces an innovative DE algorithm specifically
designed to enhance the smooth synchronization from IS to GC modes,
with a primary focus on minimizing frequency deviations. The approach
simultaneously manages the operation of both GFM and GFD inverters.
The real-time objective function to be optimized is articulated in Eq. (7):

O.F = min(ITSE (f(t)) ™)

where ITSE (f(t)) represents the ITSE index for frequency control
over time.
The expression for the frequency control error can be formulated as:

e(t) :fnom —f (8)

Therefore, this main aim of this section is to introduce an expression
to optimize the objective function proposed in Eq. (7), where the time-
based error defined in Eq. (8). To this end, it is first necessary to
consider that the total power supplied by the MGC must consistently
satisfy the demand. The power balance can be expressed as follows:

P&+ Parp = Proap ()]

where P, represents the total power injected by the MG connected
to a GFM inverter, Pgrp represents the power delivered by the MG
connected to a GFD inverter, and Pjoap is the power consumed by the
load. Note that Pgf,, is obtained as the sum of the power of each MG
connected to a GFM inverter.

Furthermore, the output power of the MGs is constrained between
0 and the rated power rating of the inverter to ensure operation within
secure operational limits. The first MG, connected to GFM inverter
(MG, ) is designed to deliver 500 kW, the second MG (MG) is rated for
250 kW, and the third MG, connected to a GFD inverter (MGs), has a
maximum capacity of 300 kW.

Therefore, based on the traditional droop control equation defined in
Eq.(1), the term P,; can be expressed as follows:

Poi = Pypax +f"‘”“ng (10)
1

where Py nq, is the power at the highest frequency, and frq is the
highest allowable frequency.

By combining Eqs (1) and (10), the frequency can be expressed as
follows:

f = (fo +fma.x 7fnom)+ni(Pf~mﬂX - Pg’}gM) 11)

The following modification for Eq. (8) can be derived by substituting
the term for f obtained in Eq. (11) as follows:

e(t) :fnomf(fg +fmax 7fnom)+ni(Pf.max - Pg)IEM)
= anom _fo _fma.x - ni(Pf.ma.x - PE?[E)\/[) (12)
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where the term P, can be substituted according to Eq. (9) to yield:
e(t) = 2fnom — fo — fmax — MiPf.max + NiProap — NiPorp 13)

Finally, the objective function proposed in Eq. (7) can be expressed
in terms of the MGC frequency, the droop control coefficient, the
demanded power, and the power injected by the GFD inverter:

O.F = min(ITSE(t) )

T
= Il'llIl/ \/anom _fn _fmax - nin.max + niPLOAD - niPGFD’tdt (14)
0

As a result, a novel objective function is presented, expressed with
generic variables within the MGC, which can be easily adapted to other
MGC configurations. This expression demonstrates how the frequency
control error can be optimized based on the power injected by the MG
operating with a GFD inverter, in contrast to the traditionally adopted
approach of modifying the droop control coefficients, the disadvantages
of which have been previously discussed.

In this regard, the proposed approach offers the following advan-
tages: When the MGC operates in steady-state conditions, i.e., with a
value off, = 1pu (60 Hz), the control provides the optimal operating
value for the MG connected to the GFD inverter. Moreover, when the
synchronization process with the grid begins, the term f, varies ac-
cording to the deviations imposed by the secondary control to maintain
the frequency around the established nominal value. In this context, the
synchronization algorithm determines the new power reference that the
GFD inverter should adopt in order to minimize the error during the
synchronization process, thus preventing fluctuations that could
compromise the MGC’s operation and ensuring a transient response
consistent with the values outlined in IEEE Std. 1547-2018.

In this paper, the DE algorithm is utilized to address the optimization
problem previously introduced. The DE algorithm provides several ad-
vantages that differentiate it from other optimization techniques. Unlike
more complex algorithms, such as genetic algorithms (Saxena et al.,
2022), DE provides a simpler implementation. This is primarily due to
the lower number of parameters that need to be adjusted compared to
other algorithms, such as particle swarm optimization, where tuning the
inertia coefficients may challenge the adjustment process (Zulueta et al.,
2022). Furthermore, it does not require system linearization, unlike
MPC methods (Fachini et al., 2024).

Due to its high computational efficiency, the DE algorithm is espe-
cially well-suited for addressing real-time optimization challenges and
adapting to dynamic system variations. This makes it more advanta-
geous compared to other optimization methods that rely on the deriv-
ative of the objective function or particle swarm optimization (Hou
et al., 2024), such as (Abhinav et al., 2017), which can be difficult to
obtain in transient operating conditions, such as during the grid syn-
chronization process.

The DE algorithm is a population-based metaheuristic approach,
inspired by natural evolutionary processes. It iteratively refines a set of
candidate solutions through mutation, crossover, and selection mecha-
nisms. At each iteration, the algorithm leverages a set of solutions to
generate a new candidate by incorporating the differences between
randomly selected vectors. Initially, a population of random solutions,
denoted as x;(k), is generated, where i represents the solution index
(ranging from 1 to N, the population size) and k denotes the current
iteration.

For each solution, x;(k), a mutant vector, v;(k+1), is computed as
follows:

Vi (k+1) = x1(k) + F-(x,2(k) ) — (x,3(k) ) (15)

where v;(k+1) is the mutated vector, x,1(k), (x,2(k)) and (x.3(k))
are randomly selected solutions, and F is a scaling factor that controls
the mutation step size.

After mutations, crossover is applied to generate a candidate vector,
uj(k+1) combining the mutated vector with the current solution, by
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applying a crossover rate, CR, defined as:

vi(k +1),ifrand() < CR }
x;(k)ifnot

Next, the objective function of the new solution, u;(k+1), is
compared with that of the current solution, x;(k):

tesn) - (U DT D <Fixl) ) a”

The flowchart of the DE operation is presented in Fig. 4. Moreover,
the DE pseudocode is represented in Table 2.

The algorithm begins by initializing a population of individuals, with
each representing a potential solution randomly distributed within the
problem’s defined search space. This initial diversity is crucial for
ensuring broad exploration and avoiding premature convergence.
Following initialization, the algorithm enters an iterative process con-
sisting of three main operations: mutation, crossover, and selection.

In the mutation phase, new candidate solutions, referred to as
mutant vectors, are generated by combining existing individuals from
the population. Specifically, three distinct individuals are randomly
selected, and a scaled difference between two of them is added to the
third. This differential mutation introduces variability and helps the
algorithm explore unexplored regions of the search space. Subsequently,
the crossover operation creates trial vectors by mixing components of
the mutant vectors with those of the current target individuals. This
blending process is governed by a crossover probability, which balances
exploration and exploitation by determining how much of the mutant
vector’s information replaces the original individual’s traits.

After generating trial vectors, the algorithm evaluates their quality
using the objective function. Through the selection step, each trial
vector competes with its corresponding target vector. If the trial vector
exhibits improved performance, it replaces the target vector in the
population for the next generation. Otherwise, the target vector is

wk+1) = { (16)

Start Differential
Evolution

!

Set initial population:

x;(k)
v

Calculate the mutation vector
v; (k + 1) using Eq. (15).

v

Calculate the crossover
u; (k + 1) using Eq. (16).

YES Update
xi=u; (k+1)

Update
x; (k+1)=x;

- - YES
Is the last iteration? I;ﬁ[
NO

Fig. 4. DE algorithm flowchart.

x;(k)is the best
solution for Eq. (7)
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Table 2
DE algorithm sequence.
Step Obtain the operational data from the MGC.
1:
Step Starting population. The initial set of individuals is created through a
2: random generation process as described below.
Fori=1:m

x[@) = {xﬁ) ,xg)A ~--A,x£[,),q ,i = 1,---,mwhere m represents the number of

individuals in the population and n denotes the problem’s dimensionality
Step Differential mutation: For each candidate i, produce a mutant vector as
3: follows:
(k+1)

i = xgl() +F- (xy;) —xg))where r1, r2, r3€{1, ---,m} are distinct from
each other and not equal to i, andF € [0,1] is the scaling factor

Ek“) is created by applying a crossover

operation with a crossover probability € [0,1]. An index jo is randomly
selected from the set {1,---,n}:

For j =1 : nif rand

0 <CRorj=jo

V.

Step Crossover. The trial vector u,
4:

uftl =y else
uft = xMend
Step Selection. The fitness of both ufk“) and xlgk) is assessed, and the vector with

5 superior performance is chosen to proceed to the subsequent generation

iff () <£(x)

x(k+1) l(k+1

i Jelse
** ) = xMendend

=u

retained. This elitist selection mechanism ensures that the population’s
overall fitness does not degrade over iterations, steadily guiding the
search toward better solutions. The process of mutation, crossover, and
selection repeats until the maximum number of iterations is achieved.
This cyclical refinement enables DE to effectively balance global
exploration and local exploitation, making it a robust and efficient
optimization method.

The performance of the DE algorithm is governed by four key tuning
parameters: the scaling factor (F), the crossover rate (CR), the popula-
tion size (n,), and the number of iterations (N). These parameters
directly influence the mutation, crossover, and convergence behavior of
the algorithm, making them critical to its effectiveness.

Specifically, the scaling factor (F) determines the amplification of the
differential variation used in the mutation step, which affects the
exploration capability of the algorithm. A value of F = 0.75 was selected
to balance convergence speed and solution diversity, thereby avoiding
premature convergence and ensuring stable search dynamics
(Mallipeddi and Suganthan, 2010). The CR, used in the recombination
step, controls the probability of mixing components between the mutant
vector and the current candidate. A value of CR = 0.9 was chosen to
encourage aggressive recombination, enhancing the global search and
adaptability of the algorithm (Gao and Liu, 2012).

The population size (n, = 20) defines the number of candidate so-
lutions evaluated per generation. This value was selected to provide
sufficient diversity for robust exploration of the search space while
keeping computational cost compatibility with the sampling time of the
control algorithm. Finally, the number of iterations (N = 100) sets the
stopping criterion and reflects the trade-off between computational time
and convergence accuracy. This value ensures convergence to an
optimal or near-optimal solution within the time constraints of the
application.

To appropriately tune the DE algorithm parameters, a comprehen-
sive sensitivity analysis was conducted to evaluate the influence of each
parameter on the control response. This analysis aimed to identify
suitable values for n,, F, and CR to ensure optimal frequency regulation
performance. The ITSE was used as the performance metric, as it
effectively penalizes deviations from the nominal frequency over time,
providing a rigorous quantitative assessment of control quality.

The sensitivity analysis consisted of 250 independent simulations,
where the values of n,, F, and CR were randomly sampled within a
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predefined range spanning from conservative to aggressive configura-
tions. Specifically, n, varied in the range [5, 50], F within [0.1, 1.0], and
CR in the interval [0.1, 1.0]. These ranges were selected to capture the
practical limits typically considered in DE-based optimization strategies,
allowing for a robust comparison across parameter combinations.

The results of the sensitivity analysis are depicted in Fig. 5. Fig. 5a
illustrates the influence of the population size n, on the ITSE index. The
results clearly indicate that a population size of 20 achieves consistently
low ITSE values. Beyond this threshold, increasing n, does not lead to
further improvements in control performance, suggesting a point of
diminishing returns in terms of population growth.

Fig. 5b Fig. 5b shows the impact of the scaling factor F on the ITSE.
As observed, a value of F = 0.75 results in stable and minimal ITSE
values. For lower values of F, significant fluctuations in the ITSE are
noted, indicating reduced reliability and performance consistency.
Therefore, F = 0.75 was selected as the most appropriate value for the
proposed control application.

Finally, Fig. 5c presents the relationship between the crossover rate
CR and the ITSE. The results reveal that small values of CR tend to hinder
the algorithm’s ability to explore new candidates, leading to optimiza-
tion stagnation and suboptimal performance. Conversely, high values of
CR enhance the algorithm’s adaptability and result in lower ITSE values.
Based on this evidence, a value of CR = 0.9 was adopted to ensure dy-
namic adaptation and maintain high-quality control performance.

5. Results and discussion
5.1. Synchronization general performance
This section presents the results of the DE-based synchronization

seamless transition under normal operating conditions. Furthermore, to
demonstrate the advantages offered by the proposed approach, a
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comparison is made with the commonly adopted approach based on
varying the coefficients of droop control. The operating parameters of
the MGC are detailed in Table 3.

Fig. 6 depicts the measurements taken at the PCC during the syn-
chronization process. The overall operation is described as follows. The
MGC operates in IS mode at the beginning of the simulation. At time t =
7 s, a command is sent to synchronize the MGC with the main grid. When
the synchronization process is completed, which occurs at t = 12 s, the
circuit breaker closes, and the MGC transitions to GC mode.

Fig. 6a shows the results of active power (Ppcc) and reactive power
(Qpcc)- While operating in IS mode, Ppcc has a value of 315 kW, and Qpcc
has a value of 40 kVAr. When the MGC transitions to GC mode at t = 12
s, it connects to the main grid, injecting a power of 435 kW. Att = 18s,
the injected power increases to 515 kW. Regarding Qpcc, it increases to
50 kVAr at t = 12 s upon synchronization with the grid. Additionally,
another increase occurs at t = 16 s, reaching 90 kVAr. It can be observed
that during the synchronization process, and during the changes made in
GC mode, the control of Ppcc and Qpcc remains stable without

Table 3

MGC parameters.
Symbol Parameter Unit
Viom Rated voltage 600 V
from Rated frequency 60 Hz
Ly Filter inductance 1.08 mH
Ry Filter resistance 1.08 mQ
C Filter capacitance 184 uF
Z1INE Transmission line parameters 5mQ + 1 mH
n, DE number of populations 20
N DE number of iterations 100
CR Crossover rate 0.9
n Droop control coefficient 3%
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Fig. 6. DE optimal synchronization: (a) Active power (Ppcc), reactive power (Qpcc), (b) PCC frequency (fpcc), and (c) PCC voltage (Vpce)-

oscillations around the set value.

Fig. 6b shows the value of fpcc. In IS mode, the MGC effectively
controls the frequency at 60 Hz. When the synchronization process be-
gins at t = 7 s, a slight drop in frequency is observed, reaching a mini-
mum value of 59.87 Hz and a maximum value of 60.05 Hz. A remarkably
smooth synchronization is achieved, with no transient oscillations
observed throughout the transition.

Fig. 6c¢ illustrates the value of Vpcc. Similarly, in IS mode, the MGC
operates effectively at 600 V. During the synchronization process, the
voltage drops to 595 V and experiences a maximum value of 602 V,
where it can be appreciated the smooth transition for the voltage
control.

According to IEEE Std. 1547-2018, when the aggregate rating of MG
units (kVA) is 1000 kVA, as in the case study of this paper, the maximum
allowed frequency deviation is 0.2 Hz, the allowed voltage deviation is
5 % of the nominal voltage, and the allowed angular deviation is 15°.
The obtained results show a maximum difference in frequency control of
0.13 Hz, while the voltage deviation is 0.84 %. Therefore, the effec-
tiveness of the control is confirmed according to IEEE Std. 1547-2018.

Fig. 7 shows the results of the active (Fig. 7a) and reactive (Fig. 7b)
powers injected by each MG. The DE algorithm calculates the value of
the power to be injected by MG3 to minimize the frequency control
error. During the operation in IS mode, the DE algorithm sets Pgrp at
148.33 kW for the given operating conditions. The remaining power to

10

complete the balance up to 315 kW is distributed proportionally among
the MGs operating with GFM inverters according to droop control, with
Porn = 111.38 kW and Porvz = 55.29 kW.

When the synchronization process begins, the value of Pgpp varies to
minimize the frequency control error. The value of Pgpp progressively
increases according to the value calculated by the DE algorithm,
reaching 210 kW, and then returns to its original set value of 148.33 kW.
As aresult of this process, the power injected by MG; and MG, decreases
simultaneously to maintain stable the power control. At t = 12s, due to
the load variation, Pgrp takes a value of 268.36 kW, while the values of
Pgrvin and Pgpypp remain stable at 111.38 kW and 55.29 kW, respectively.
Finally, when the injected power changes to 515 kW, Pgpp reaches its
maximum value of 300 kW. Consequently, Pgry varies to 144.5 kW, and
Peruz to 70.5 kW, effectively completing the active power balance. The
reactive power balance is performed assuming that Qgrpp remains at
0 kVAr, with variations in reactive demand being handled by MG; and
by MG,. Fig. 7b illustrates the effective control in IS mode and the
response to reference changes in GC mode.

Fig. 8 shows the line-to-line voltage values for one phase to facilitate
the understanding of the synchronization process. In Fig. 8a, the line
voltage of phase 'a’ measured at the PCC (Vapcc) and the line voltage of
the same phase for the main grid (Vag,g) are displayed. It can be
observed that both voltages have the same amplitude of 600 V, but there
is a phase difference between them. The synchronization process
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Fig. 7. MGC powers under normal operation: (a) Active MGs power, and (b)
reactive MGs power.

optimally synchronizes both signals, as shown in Fig. 8b. Just before
synchronization, from 11.93 s to 11.99 s, both signals are almost syn-
chronized, which allows the MGC to transition smoothly from IS to GC at
t =12 s. The optimal ITSE value calculated for the proposed approach is
0.2208.

Fig. 8c shows the angles at PCC and at the grid. For GC mode, this
angle for the grid voltages is 0, = 30°. For the MGC, the angle formed
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is Opcc = 100°. During the synchronization process, the value of Opcc
decreases until it perfectly aligns with the grid angle, thus complying
with IEEE Std. 1547-2018 and ensuring a very smooth synchronization.
Fig. 8d shows the control process during synchronization for the Vg g4
and Vypcc components, and Fig. 8e depicts the V; griq and Vg pcc com-
ponents, which correct the phase difference between the voltages
measured at the PCC and the main grid.

To demonstrate the superiority of the proposed optimal control
based on DE, the results are compared with the traditional approach that
involves varying the droop control coefficients. For this, the DE algo-
rithm presented in Section 4 is used to optimize the droop control co-
efficient (n) while keeping a constant power injected by the GFD inverter
constant. Fig. 9 presents the synchronization results obtained using the
traditional method based on varying the droop control coefficients.

Fig. 9a shows the results of Ppcc and Qpcc, where a noticeable
oscillation in the control of Ppcc can be observed at the moment of
synchronization with the grid at t = 12 s. This is due to the fluctuations
in the power injected by the MGs connected with GFM inverters, as the
droop coefficients are adjusted, as shown in Fig. 9b. Fig. 9c presents the
control of fpcc during synchronization, while the Vp¢c control is depicted
in Fig. 9d. This approach also allows for acceptable frequency control,
with the minimum frequency at 59.83 Hz and the maximum frequency
at 60.05 Hz. In this scenario, the ITSE value is 0.3045, meaning the DE
algorithm reduces the ITSE index by 37.91 %. Unlike the traditional
approach, which relies on modifying the droop control coefficients of
GFM inverters and induces oscillatory transients during synchronization
(as shown in Fig. 9), Fig. 6 demonstrates that the proposed DE-based
strategy significantly enhances the dynamic performance of the sys-
tem. By dynamically adjusting the power reference of the GFD inverter,
the DE algorithm achieves smoother synchronization, mitigating over-
shoot and abrupt variations in both frequency and voltage. This coor-
dinated response enables more stable interaction with the GFM inverters
and leads to superior supply quality.

Quantitatively, the DE-based approach reduces the ITSE index from
0.3045 to 0.2208, representing an improvement of 37.91 %. Further-
more, the maximum frequency deviation is limited to 0.13 Hz, while the
voltage deviation remains within 0.84 %, both fully compliant with the
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requirements of IEEE Std. 1547-2018. These results confirm the effec-
tiveness and robustness of the proposed control strategy under dynamic
grid synchronization conditions.

Although the proposed synchronization control scheme and the
optimal synchronization DE algorithm have shown a satisfactory per-
formance under the tested conditions, certain limitations must be
acknowledged, particularly regarding their scalability and practical
applicability in larger or more complex MG configurations.

From a control standpoint, the synchronization scheme assumes
timely and reliable communication among distributed MG units for the
exchange of frequency, voltage, and power data. However, in real-world
deployments, communication networks may introduce non-negligible
delays, data loss, and clock misalignments. These issues can degrade
synchronization performance, introduce transient deviations, or even
compromise stability, especially in scenarios with rapidly changing
loads or generation patterns. Future research could address the impact
of communication latency and uncertainty, particularly in highly
distributed or heterogeneous MG systems.

On the optimization side, the DE algorithm requires iterative eval-
uation of multiple candidate solutions per generation, which increases
computational complexity as the number of MGs and decision variables
grows. This computational cost may challenge the feasibility of real-time
implementation, particularly on embedded platforms or in systems with
strict timing constraints. Additionally, the algorithm’s performance is
sensitive to parameter tuning (e.g., mutation factor, crossover proba-
bility, population size), and suboptimal choices can affect convergence
speed and solution robustness. These characteristics must be carefully
considered when extending the proposed approach to larger MG clusters
with higher degrees of operational variability.

5.2. Comparison against an fmincon based synchronization algorithm

To highlight the effectiveness of the proposed DE algorithm in
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achieving optimal synchronization, this section provides a comparative
analysis between the DE-based approach and a conventional nonlinear
optimization method implemented using the fmincon solver.

The fmincon algorithm is a gradient-based nonlinear optimization
tool. It is designed to minimize a scalar objective function subject to both
linear and nonlinear equality and inequality constraints, as well as upper
and lower bounds on decision variables. It employs various numerical
techniques—such as interior-point methods, sequential quadratic pro-
gramming, and trust-region reflective approaches—to identify local
optima in problems where both the objective and constraint functions
are assumed to be continuous and differentiable (Al-butti and Altinoz,
2023). The fmincon formulation is presented in Table 4.

Fig. 10 presents the synchronization results obtained using the
fmincon algorithm under the same scenario described in Fig. 6. In
Fig. 10a, the active and reactive powers at the PCC (Ppcc, Qpcc) are
shown, illustrating effective control of both power components while
maintaining system stability before, during, and after synchronization
with the grid. Fig. 10b depicts the frequency measured at the PCC (fpcc)-
For this optimization algorithm, a larger deviation is observed at the
synchronization instant, with a minimum frequency of 59.8 Hz during
the transient. This contrasts with the 59.87 Hz achieved by the DE al-
gorithm. This difference results in an ITSE value of 0.3329 for fmincon,
whereas the DE algorithm attains a lower ITSE of 0.2208. Consequently,
the DE algorithm improves control performance by approximately
66.33 %, highlighting its suitability for the synchronization process and
its ability to reach a more optimal solution. These improvements are
attributed to DE’s population-based search mechanism, which enhances
global exploration and its robustness against convergence to local
minima. Finally, Fig. 10c shows the line voltage at the PCC (Vp¢c). The
maximum voltage deviation reaches 593 V, which is very close to the
595 V observed with the DE algorithm. However, despite being a viable
alternative, the fmincon algorithm exhibits overall inferior performance
compared to the proposed DE method, as evidenced by the increment in
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Table 4
fmincon algorithm sequence.
Step Procedure
1 Define objective function:
O.F = min(ITSE(t)) = min [ t-/2fuom — fo — fmax — NiPfmax + NiProap — NiParp dt
2 Define decision variables and bounds:
x = [Pgrp(t1), +-Pgrp (tn) ] with PR <Pgpp <PRex
3 Specify constraints:
c(x) <0
4 Initialize solution vector X, as initial guess for Pgrp over time horizon T
5 Employ nonlinear programming solver to iteratively minimize the objective function subject to constraints and bounds, updating x until convergence criteria are met.
6 Extract optimal power trajectory X, corresponding to minimized ITSE; validate solution feasibility and performance through simulation or experimental verification.
Fig. 11b illustrates the evolution of fpcc. A slight deviation is
= (a) ' ' observed during the transient, with both algorithms reaching a mini-
g 800 —Poge Qpec mum of 59.87 Hz, which remains within acceptable synchronization
X 600 | - margins. However, DE exhibits a smoother frequency response, resulting
% 400 r_!_ in a marginally lower ITSE of 0.2208, compared to 0.222 for PSO. This
g 200 ) corresponds to a 0.45 % improvement, highlighting the DE algorithm’s
g e — | ; superior performance in penalizing frequency deviations over time,
o : : ' especially during transients. Fig. 11c shows the results of Vpge. The
0 5 Ti 10 15 20 voltage remains well regulated, with maximum deviations of 592 V for
. (b) lm‘e (s) i DE and 602 V for PSO. This confirms that both algorithms ensure voltage
I 602 = - stability under dynamic conditions.
> 60.1} IS mode GC mode B Beyond the frequency and voltage performance, the detailed com-
2 60 = - parison of key error indices in Table 6 further reinforces the advantages
% 59.9 ) ] of DE. While the mean relative error (MRE) is virtually identical for both
&’ 59.8 S9.8 Hz ~ Synchronization algorithms (1.421-10~* vs 1.424-10~*), DE maintains a marginally
: lower value, confirming slightly more accurate tracking in relative
0 5 10 15 20 terms.
(c) Time (s) In terms of integral time-weighted absolute error ITAE) and integral
_. 640 : 1 absolute error (IAE), DE again performs better, with ITAE = 2.826 and
< 620 601V — Vece IAE = 0.2698, compared to PSO’s ITAE = 2.832 and IAE = 0.2703.
qg) rd Although the improvements are modest (0.21 % in ITAE and 0.19 % in
= 600 —A Su— IAE), they are consistent and indicate that DE delivers smoother and
> 580 593V more accurate trajectory tracking over time, especially in systems where
’ ' long-term deviations are penalized. Similarly, the integral squared error
B 8 Timf o L 20 (SE) is slightly lower for DE (2.186-102) than for PSO (2.195-10-2),

Fig. 10. Fmincon synchronization: (a) active power (Ppcc), reactive power
(Qpcc), (b) PCC frequency (fpcc), and (¢) PCC voltage (Vpec).

the ITSE value and the more pronounced frequency drop.

5.3. Comparison against a PSO synchronization algorithm

To further assess the performance of the proposed DE-based syn-
chronization algorithm, a comparative analysis with another widely
used metaheuristic technique—Particle Swarm Optimization (PSO)—is
presented in this section. PSO is a population-based stochastic optimi-
zation algorithm inspired by the social behavior of bird flocks and fish
schools. It searches for optimal solutions by iteratively updating the
position and velocity of each particle (candidate solution) in the search
space, guided by both its own best-known position and the global best-
known position found by the swarm. Table 5 represents the imple-
mented PSO pseudocode.

Fig. 11 presents the synchronization results obtained using PSO, DE
and fmincon optimization algorithms under identical test conditions.
The three subplots provide a detailed view of the system dynamics
during the synchronization process. In Fig. 11a, the Ppcc and Qpcc are
shown. PSO achieves effective power control, ensuring a smooth and
stable transition before, during, and after synchronization. The control
objectives for power balancing are clearly met by both DE and PSO
methods, indicating that both algorithms are capable of producing
dynamically valid solutions.
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yielding a 0.41 % improvement, which reflects better overall damping
and energy efficiency of the control action.

An additional and highly relevant advantage of DE lies in its
computational efficiency. DE achieves the optimal solution in 3.45 min,
while PSO requires 4.15 min, resulting in a 20.29 % reduction in PC
simulation execution time. This becomes especially important in real-
time control environments or hardware-in-the-loop implementations,
where fast convergence is critical. Moreover, DE only requires the tuning
of two parameters (F and CR), in contrast to PSO which depends on three
(w, ¢1, and c3). This makes the calibration of DE not only more
straightforward but also more robust against poor tuning choices. This
simplicity in parameterization enhances the algorithm’s practical
applicability and adaptability to different scenarios. Although both DE
and PSO reach stable and dynamically valid synchronization solutions,
the DE algorithm consistently outperforms PSO across all evaluated
metrics, achieving lower errors, faster convergence, and simpler
implementation.

5.4. Sensitivity analysis

To demonstrate the robustness of the proposed synchronization
control, this section presents a sensitivity analysis to variations in de-
mand. The sensitivity analysis helps establish how the variability of
Proap influences the ITSE results. For this, 500 simulations are con-
ducted, where the value of Pipsp is randomly varied within a range
between 150 and 500 kW, and the ITSE values for each measurement are
recorded. Fig. 12 represents the ITSE values obtained in relation to the
variations in P;oap. The ITSE values for the 500 simulations are shown in
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Table 5
PSO algorithm sequence.
Step Procedure
1 Define objective function:
O.F = min(ITSE(t)) = min [} t-\/2faom — fo — frax — NiPfmax + MiProap — NiParp dt
2 Define the vector of power trajectories:
x = [Pgrp(t1), +Parp(tn) Jwith bounds
PR <Pom <Py
k=1,.,N
3 Initialize a swarm of M particlesx; € RNwith velocity vectors v;. Each particle denotes a candidate solution
4 Evaluate the objective function in step 1 (x;) for each particle and update
5 Update velocity and position of each particle according to:
V(k+1) = wvk 4161 Oppest-X5) + F2C2 (Gppest"-x)
where w is the inertia weight, ¢; and c are acceleration coefficients, and r1, r» € (0,1) are random numbers
6 Iterate steps 4 and 5 until convergence criteria are met (maximum number of iterations or minimal improvement in objective function)
7 Select the optimal solution x* = g yielding the minimum ITSE. Validate the optimal power trajectory Pgpp(t) through simulation or experimental tests
5.5. DE synchronization under fault operation
o @) :
g 800 Pecc Ensuring fault tolerance is a fundamental aspect in the development
= 600 Qpee ] of control strategies for MGCs. This section highlights the fault resilience
X 400 F——F— of the DE-based synchronization control. Fig. 13 depicts a 30 s simula-
21;3 200 tion in which a fault occurs in MG, during GC mode. Initially, from t =
8 0f i I 1 0stot=12s, the system operates in IS mode. At t = 15, a failure occurs
0 5 10 15 20
‘b) Time (s)
~ - T 0.3 : = : r : r
I 60.2f - o o
= . Ismode GC mode pcc | . o © o)
> 60.1 [, > p . P 00
§ 59.8 —'-'v"‘L/’,/\ 0.28 oo o ¢ O
99971 Synchronization 1 o ©
L 508" —> 1
v ‘ ‘ 0.26
0 5 10 15 20
(c Time (s) w
) 0 0.24
620+ Voo =
b 602V e
g 610 = .
& 600 ]/ \
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592v.—" G5
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Fig. 11. PSO synchronization: (a) Active power (Ppcc), reactive power (Qpcc), 150 200 250 300 350 400 450 500
(b) PCC frequency (fpcc), and (c) PCC voltage (Vpcc)- PLOAD (kW)
Table 7, with the ITSE defined within a range from a minimum value Fig. 12. Sensitivity analysis: ITSE under variations in..Proap
(ITSEnin) of 0.1937 to a maximum value (ITSEna.x) of 0.362, with an
average value (ITSE,) of 0.2459, a standard deviation (ITSEyq) of bl
0.041, and a statistical mode (ITSE,) of 0.2311. These results demon- Ta .e,7. i L
. s . Sensitivity analysis results under load variability.
strate the effectiveness and resilience of the control under a wide range
of operating conditions, showing that varying the power of an MG Parameter Description Value
connected to a GFD inverter can smooth and optimize the error in the ITSEpmin Minimum ITSE 0.1937
synchronization process of an MGC. ITSEpmax Maximum ITSE 0.362
ITSEqy, Average ITSE 0.2459
ITSEyq Standard desviation ITSE 0.041
ITAE,, Statistical mode ITSE 0.2311
Table 6
Comparative performance of DE and PSO algorithms in synchronization control.
Parameter Description DE PSO Variation
t Computation time 3.45 4.15 20.29 (%)
MRE Mean relative error 1.421-107* 1.424.10~ 0.21 (%)
ITAE Integral time-weighted absolute error 2.826 2.832 0.21 (%)
ITSE Integral time-weighted squared error 0.2208 0.222 0.45 (%)
IAE Integral absolute error 0.2698 0.2703 0.19 (%)
ISE Integral squeared error 2.186-1072 2.195.1072 0.41 (%)
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in MG, resulting in its disconnection while MG; and MG3 remain con-
nected to the grid. In response to this fault, the system operator decides
to isolate the MGC from the main grid at t = 20 s. In this scenario, MG,
connected to a GFM inverter, assumes responsibility for maintaining
stable voltage and frequency control.

Fig. 13a presents the results for Ppcc and Qpcc. The MGC supplies a
load of 235 kW and 50 kVAr in IS mode. Upon synchronization with the
grid and transitioning to GC mode, the system delivers 315 kW,
remaining stable both before and after the fault in MGs. Furthermore,
when it returns to IS mode at t = 20 s, the power control remains
effectively maintained at 315 kW, despite the fault and the mode shift
from GC to IS mode.

The synchronization process for fpcc and Vpec is shown in Fig. 13b
and 13c, respectively. The minimum value achieved for fpcc is 59.9 Hz,
while the minimum Vpgc is 595 V, further demonstrating compliance
with IEEE Std. 1547-2018.

The active and reactive powers delivered by each MG during the
fault scenario are shown in Fig. 14a and Fig. 14b, respectively. Fig. 14a
illustrates the optimal synchronization process, where the value of Pgpp
is adjusted from 68.29 kW to 124.12 kW, while Pgpyn and Pgpyp droop
from 111.24 kW and 55.47 kW to 77.37 kW and 35.39 kW, respectively.
Once synchronized with the grid, Pgrp increases to 148.24 kW, Pgpyn
rises to 130.18 kW, and Pgpy2 balances the power with 36.58 kW. When
the fault occurs in MG, Pgpyp drops to zero, and Pgpy increases to
166.76 kW to maintain power balance. Fig. 14b shows the effective
reactive power control, where Qggp is maintained at 0 kVAr, while Qgmn
increases when the fault occurs in MG, at t = 15 s, with Qgmn set to
0 kVAr.

5.6. Hardware-in-the-loop experimental validation

This section presents a hardware-in-the-loop (HIL) real time verifi-
cation to demonstrate the practical implementation of the proposed DE
synchronization optimal control. HIL experimentation is a real-time
testing methodology that integrates physical hardware components
with simulated environments, enabling the validation of control

0 (a) i i
% %0 r
§ 200 F PPCC QPCC R
g 100 ‘
O 0 . L L L L
a
0 5 10 15 20 25 30
(l')) r Timfe (s) | '
E 60.2 o f 1
< | Synchronization pcc
= 60.1 /' 1
2 60 — [ t -
g . ! V '
= 59.9 MG, faultt=15s.
L 59.8 I I I I | ]
0 5 10 15 20 25 30
(9) T|mfe (s) . '
2 640 Vece
Q 620 ISmode Synch. GC mode IS mode
3 600 ———— "
S 595V
580 I I i i .
0 5 10 15 20 25 30
Time (s)

Fig. 13. MGC at fault operation: (a) Power at PCC, (b) frequency and
(c) voltage.
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Fig. 14. MGC powers under fault operation: (a) Active MGs power, and (b)
reactive MGs power.

algorithms and system behavior under realistic operating conditions
without the need for full-scale prototypes (Pashaei et al., 2024). Fig. 15
provides an overview of the experimental setup, which includes the
dSPACE MicroLabBox controller, the OPAL-RT4512 device, the host PC
running RT-Lab, the analog input-output cards, and the DLM4038
oscilloscope.

In this configuration, the system operates in real-time using the
OPAL-RT4512 unit, which is controlled and monitored through the RT-
Lab software. This software enables both the programming and real-time
observation of the plant’s behaviour. With four 3.7 GHz cores, the OPAL-
RT4512 unit executes the simulation with a time step of 50 ps, ensuring
high-performance operation of the system.

The dSPACE MicroLabBox controller is responsible for executing the
DE algorithm and transmitting the reference values of Pgpp to the OPAL-
RT4512 unit. Communication between these devices is established
through a series of analog input and output channels, operating within a
voltage range of + 16 V/-16 V. The results of the simulation are then
displayed on a DLM4038 digital oscilloscope.

A real-time simulation, replicating the fault scenario outlined in
Section 5.5, is shown in Fig. 16. In Fig. 16a, the experimental mea-
surements of Ppgc (represented by the blue signal) and Qpcc (shown by
the green signal) are displayed. The signals are plotted with a time scale

— I ==
g e ~———  dSPACE

MicroLabBox
[ 1]

Fig. 15. Experimental HIL setup formed by OPAL-RT4512, dSPACE Micro-
LabBox, Oscilloscope DLM4038 and PC-Host.
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Fig. 16. (continued).

of 2 s/div and a voltage scale of 1 V/div for precise representation.
Initially expressed in per unit (pu), the signals are amplified by a factor
of 40 for proper visualization. Consequently, the Ppcc signal measures
9.4 V, which corresponds to 235 kW, while the Qp¢c signal registers 2 V,
equivalent to 50 kVAr.

The experimentally measured active power values for each MG are
shown in Fig. 16b. The figure is presented with a time scale of 2 s/div
and a voltage scale of 2 V/div. For improved clarity, the power values
are expressed in per unit (pu) and scaled by a factor of 50. The base
power for Pgrmyn (blue signal) is 500 kVA, for Pgry2 (green signal) it is
250 kVA, and for Pgpp (pink signal) it is 300 kVA. During the synchro-
nization phase, Pgpp rises from 3.42 V (68.29 kW) to 6.21 V (124.12
kW), which is consistent with the simulation results presented in Section
5.5.

Fig. 16c illustrates the frequency measured at the PCC (fpcc). The plot
uses a scale of 2 s/div and 5 mV/div. During operation in IS mode, a
measurement of 4 V corresponds to 60 Hz. As synchronization begins,
the frequency drops to 59.87 Hz, which aligns with the experimentally
measured 3.991 V. Finally, at t = 10 s into the real-time simulation,
synchronization with the grid occurs, and the frequency returns to 4 V.
This value remains stable until t = 18 s in the experimental simulation
when the system switches back to IS mode.
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The voltage at the PCC, denoted as Vpcc, is shown in Fig. 16d. The
signal in this figure is plotted with a time scale of 2 s/div on the hori-
zontal axis and a vertical scale of 5 V/div. A value of 6 V corresponds to
600 V of Vpec throughout the entire simulation. During the synchroni-
zation process, the voltage decreases to 595 V, with an experimental
reading of 5.95 V, which aligns with the results obtained in Section 5.3.

Finally, the three-phase sinusoidal waveforms of the voltage
measured at the PCC are shown in Fig. 16e. In this case, a time scale of 8
ms/div and a vertical scale of 5 V/div are used. It can be observed that at
the moment of synchronization with the grid, the waveform remains
stable due to the smooth synchronization process proposed in this work.

The experimental outcomes confirm both the real-time functionality
and the consistency of the proposed DE-based synchronization control.
Moreover, they corroborate the results derived from time based on
simulations, highlighting the practical viability of the suggested syn-
chronization method.

To facilitate comparison between the results obtained from the
simulation in Section 5.5 (see Fig. 14) and the HIL experimental results
presented in Section 5.6 (see Fig. 16), Table 8 has been included. This
table summarizes the key values for frequency, voltage, and power,
along with their corresponding measurements acquired using the
DLM4038 digital oscilloscope. The results demonstrate that the real-
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Table 8

Comparaison of simulation and HIL results.

Variable Simulation results HIL OPAL-RT 4512 results
Steady state frequency 60 Hz 4 V[1 V-15Hz]
Synchronization frecuency 59.87 Hz 3.991 V[1 V - 15 Hz]
Steady state voltage 600 V 6 V[1V-100V]
Synchronization voltage 595V 5.95 V[1V-100V]
Steady state Pgmn 111.24 kW 5.56 V[1V - 20 kW]
Synchronization Pgmn 70.37 kW 3.51 V[1 V - 20 kW]
Steady state Pgrm2 55.47 kW 2.77 V[1 V - 20 kW]
Synchronization Pga 35.39 kW 1.77 V[1 V - 20 kW]
Steady state Pgpp 68.29 kW 3.42V[1V-20kWwW]
Synchronization Pgrp 124.12 kW 6.21 V[1 V - 20 kW]

time experimental outcomes, even under a critical fault involving a
fault, successfully replicate the simulated values, thereby confirming the
accuracy and validity of the obtained results.

6. Conclusions

This research advances the state of the art in MG synchronization by
developing an innovative control approach based on the real-time
implementation of a DE algorithm. The principal contribution lies in
the design of a novel synchronization control framework that enables
the MGC to dynamically regulate the power output of the MG through a
GFD inverter, without requiring modifications to the traditional droop
coefficients. This method significantly enhances synchronization accu-
racy and system stability during transitions between islanded and grid-
connected modes.

The proposed control strategy departs from conventional methods by
adjusting power injection directly for a GFD based on MG, rather than
modifying droop coefficients. This not only simplifies implementation
but also delivers improved synchronization performance. This approach
also enhances the system’s ability to adapt effectively to changing
operating conditions and disturbances.

The performance gains are supported by thorough evaluation. The
DE-based controller achieves a 37.91 % reduction in ITSE compared to
classical droop control, confirming its superior error minimization
capability. Moreover, when compared to a fmincon-based optimization
approach, the DE algorithm demonstrates an additional 66.33 %
improvement in ITSE, underscoring its robustness and optimization ef-
ficiency. Moreover, when compared to a PSO-based synchronization
algorithm, the DE approach achieved a 20.29 % reduction in computa-
tional time, which underscores its computational efficiency and suit-
ability for real-time applications.

The robustness of the control method is reinforced by an extensive
sensitivity analysis encompassing 500 diverse demand scenarios. Key
metrics include a minimum ITSE of 0.1937, a maximum ITSE of 0.362,
an average ITSE of 0.2459, a standard deviation of 0.041, and a statis-
tical mode of 0.2311. These statistics highlight consistent and reliable
control performance across varying load conditions, reflecting the
method’s ability to maintain stability and dynamically adjust to abrupt
changes. Further validation under MG fault conditions confirmed the
method’s resilience; frequency and voltage remained within defined
thresholds, demonstrating the control’s practical applicability in real-
time dynamic environments and its ability to maintain system integ-
rity during contingencies.

Finally, the real-time feasibility of the DE-based synchronization was
experimentally validated via Hardware-in-the-Loop testing using OPAL-
RT4512 and dSPACE MicroLabBox platforms. Experimental data under
a 50 ps sampling time closely matched simulation results, confirming the
control’s precision and operational viability in compliance with IEEE
Std. 1547-2018.

Building on the methodologies and findings presented in this study,
some promising research directions emerge to further advance syn-
chronization control in MGs. A key area for future exploration is
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enhancing the control framework to better handle practical communi-
cation challenges. These include variable delays, data loss, and limited
bandwidth, which are inherent in distributed MG environments. Incor-
porating adaptive or robust control strategies capable of preserving
synchronization under such conditions could significantly enhance
system resilience and performance.

On the optimization front, future work could focus on developing
more computationally efficient algorithms or hybrid approaches. These
would aim to maintain high-quality solutions while reducing execution
time, thereby improving the feasibility of real-time implementation and
supporting scalability to larger and more complex MG networks. Tech-
niques for adaptive parameter tuning may also be considered to
dynamically adjust algorithm behavior based on changing system
conditions.

Moreover, extending the proposed approach to heterogeneous MGs
with diverse generation technologies and demand profiles would
broaden its practical applicability. The integration of forecasting tools
and learning-based strategies could further strengthen control perfor-
mance by enabling more anticipatory and data-driven decision-making
processes.
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