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ABSTRACT This study combines the metaheuristic algorithm Transient Search Optimization (TSO) with
the Levy flight distribution to find the optimal proportional-integral (PI) controllers for robust operation
of islanded microgrids. The first step is to use the response surface methodology (RSM) to empirically
express the multi-objective function. This function includes the transient variations of the terminal voltages
of the microgrids. To demonstrate the efficacy of the hybrid Levyflight and TSO (LTSO), a benchmark
microgrid system undergoes rigorous testing under different operational scenarios: i) transitioning the
system into autonomous mode by disconnecting from the main grid; ii) adapting to varying load condi-
tions while isolated; and iii) responding to a 3-phase fault while operating in islanded mode. Numerous
simulations are run to verify the suggested methodology, employing conventional data extracted from the
PSCAD/EMTDC software. The study’s findings are further reinforced through a comparative analysis with
established optimization techniques such as the least mean and the square root of exponential approaches, the
enhanced block-sparse adaptive Bayesian algorithm, the adaptive-width generalized correntropy diffusion
algorithm, the sunflower optimization algorithm, the Coot bird metaheuristic optimizer, and particle swarm
optimization. The results collectively underscore the superiority of the LTSO algorithm in enhancing the
transient response of the terminal voltages of islanded microgrids, thereby offering a promising avenue for
optimizing the control and stability of such systems.

INDEX TERMS Coot bird metaheuristic optimizer, distributed generators, renewable energy, microgrid,
sunflower optimization algorithm.

I. INTRODUCTION energy resources (DERs), including technologies such as fuel
A. LITERATURE SURVEY cells, photovoltaic (PV) systems, micro-turbines, and wind
The modern energy environment is transforming remarkably, farms [1], [2], [3], [4]. Regarding distributed generation,
characterized by an ever-growing demand for electric power these technologies are typically connected to the electric grid
and a rising concern for environmental sustainability. This through voltage source inverters (VSIs) [5], marking a depar-

shift has encouraged the widespread adoption of distributed ture from the conventional synchronous generators (SGs).
This transition from SGs to DERs introduced a signif-
The associate editor coordinating the review of this manuscript and icant change in the energy sector, given that VSIs and
approving it for publication was Qiang Li . DERs own distinct physical characteristics and operational
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requirements. Unlike SGs, which benefit from their sub-
stantial spinning mass and high inertia, contributing to grid
stability by maintaining grid frequency, distributed generators
(DGs) face unique challenges due to their lack of rotational
mass and inertia. This absence of inertia necessitates innova-
tive approaches to address grid stability concerns, including
integrating energy storage systems and developing suitable
regulatory frameworks. The microgrid (MG) concept has
emerged as a promising solution to address these challenges.

The concept of an MG stands at the core of the evolving
energy environment, representing a developed and controlled
structure composed of multiple DGs, various loads, and inte-
grated energy storage devices, all interconnected within a
local network. The MGs can operate in two distinctive modes:
autonomous and grid-connected, addressing diverse energy
challenges [6].

One of the distinguishing features of microgrids is their
strategic placement near energy demand centers. This near-
ness minimizes transmission losses and establishes a robust
structure for providing a consistent and reliable power supply
to the surrounding area. A significant characteristic of Micro-
grids is their ability to enhance the collaborative integration of
numerous Renewable Energy Sources (RESs) in a distributed
manner, thus significantly improving the energy supply’s
reliability.

In the grid-connected mode, the operational parameters of
Microgrids, including voltage and frequency, are typically
governed by the centralized electrical grid. However, the
scenario changes dramatically when an MG transitions into
the islanded mode, operating independently from the primary
grid. In this autonomous mode, the VSIs become the hub
responsible for sustaining these crucial parameters [7], [8],
[9]. The transition from grid-connected to islanded mode
presents new challenges and complexities in controlling and
managing VSl interfaces [10], [11]. This shift underscores the
necessity for advanced control strategies (CS) and technolo-
gies that can effectively guide MG operations in a self-reliant
manner.

In the dynamic world of DG and MG management, the
efficacy of CS plays an essential role in ensuring operational
reliability and stability. Advanced CSs have become crucial,
particularly in the off-grid mode, where the reliability and
precision of operation are dominant. To address the compli-
cated challenges of control in this context, a range of CSs falls
into three primary categories: droop-based control (DCL),
centralized control (CCL), and multivariable and servomech-
anism (MVASM) techniques.

Inspired by the characteristics of SGs, Droop-based control
empowers peer-to-peer control, granting the notable ability
to independently manage the power output of individual DG
units without necessitating extensive coordination or inter-
action among these units. A wireless CS focusing on P-Q
droop organization emerges as a promising solution, offering
decentralized management of distributed units with minimal
interaction among them [12]. This approach stands out for its
robustness and consistency, surpassing other power-sharing
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and MG frequency regulation methods [13]. However, the
efficacy of droop control in low-voltage MGs with resistor
line impedance is notably affected by power couplings [14],
presenting a challenge that necessitates innovative solutions
such as the virtual vector transformation technique [15],
though with potential stability impact.

Centralized CS, on the other hand, offers precise and
coordinated control, but it demands high-bandwidth intercon-
nections. The reliance on these interconnections introduces a
vulnerability, as any breakdown in communication links can
lead to microgrid failure. Recent advancements in the field
have explored autonomous communication-based centralized
control for DC MGs, enhancing their resilience and adapt-
ability [16]. To conclude, it is worth noting that while a novel
approach has been proposed for the development of MVASM
designed to handle multi-input/output stable systems [17],
it is essential to acknowledge that the inherent complexity
of this approach can present significant challenges. While
holding promise for advanced control in complex systems,
this complexity may require careful consideration and refine-
ment to make it a practical and effective solution in real-world
applications.

In dealing with nonlinear problems of the MG con-
text, the proportional-integral controller (PIC) emerges as a
frequently employed solution due to its inherent stability mar-
gin. However, the PIC faces challenges related to parameter
fluctuations and network nonlinearity, posing a significant
obstacle in determining appropriate PIC settings within these
complex and dynamic systems.

B. RESEARCH GAP AND MOTIVATION

In recent years, the booming importance of MG systems in
the ever-evolving system has prompted extensive research
efforts to design optimal controllers to ensure their successful
and efficient operation. Among the CSs, PICs have emerged
as a fundamental tool in managing MGs, particularly when
maintaining the voltage of Voltage Source Converters within
a d-q axis [18]. One key challenge with PICs arises when
assuming linearity in the system, as these controllers are often
tuned using conventional methods like the Zigler-Nicholas
method [19]. However, this linearity assumption doesn’t hold
in all practical scenarios, leading to saturation outcomes and a
consequential reduction in control stability margin, often cou-
pled with significant phase lag. Moreover, the dynamic nature
of MGs, with parameters and operating conditions subject to
frequent changes [20], A distributed PIC to control the powers
of an electric system is shown in [21]. Raises an additional
obstacle for controllers. Researchers have invented many
advanced optimization techniques to address these compli-
cations and optimize the control of MGs. Such as Enhanced
Transient Search Optimization [22], the Coot bird meta-
heuristic optimizer (COOT) [19], the Enhanced Bald Eagle
Search Algorithm [23], genetic algorithms [24], modified
virtual rotor-based derivative technique supported with Jaya
optimizer based on balloon effect [25], the Adaptive-Width
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Generalized Correntropy Diffusion Algorithm (AWGC-
DA) [26], the Sunflower (SFO) algorithm [27], Enhanced
Block-Sparse Adaptive Bayesian algorithm (EBS-ABA)
[28], the Cuttlefish optimization algorithm [29], the ant
colony algorithm [30], Circle Search Algorithm [31], the
particle swarm optimization (PSO) [32], [33], and The
least mean (LM) and the square root of exponential (SRE)
[6]. These optimization methods aim to enhance decen-
tralized controllers in MG systems, fine-tune parameters,
and improve performance. Nevertheless, it’s crucial to
acknowledge that each method has advantages and disadvan-
tages [34]. Despite the ongoing research efforts, no universal
framework for MG control has yet been established.

C. CONTRIBUTION AND PAPER BODY

This research presents an innovative methodology for opti-
mizing CSs within islanded MGs by harnessing the capa-
bilities of the LTSO technique. This study’s primary focus
involves determining optimal gains for PICs by apply-
ing LTSO within a multi-objective optimization framework.
To enhance the robustness and effectiveness of the approach,
the Response Surface Methodology (RSM) is integrated
into the procedure to achieve a balanced solution across
various conflicting objectives. The study’s findings are
further reinforced through a comparative analysis with estab-
lished optimization techniques such as LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO.

This paper adds to filling the previously indicated deficien-

cies:

1) Evolving an innovative methodology based on LTSO
to determine optimal gains for PICs to enhance the MG
system’s reliability,

2) Demonstrate the efficacy of this innovative LTSO-based
methodology by exposure to a benchmark MG sys-
tem and rigorous testing under different operational
scenarios: 1) transitioning the system into autonomous
mode by disconnecting from the primary grid, ii)
adapting to varying load conditions while isolated, and
iii) responding to a 3-phase fault while operating in
islanded mode,

3) Enhancing the solidity of the presented optimizer
through a comparative analysis with established opti-
mization techniques such as LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO.

This article is structured into distinct sectors to provide a
coherent and comprehensive exploration of the subject mat-
ter. The following is the organization of the paper:

Sector I: Introduction, Sector II: Microgrid Demonstration,
Sector III: Control Plan, Sector IV: Design Procedures, Sec-
tor V: Optimization Strategies and Modeling, Sector VI: Sim-
ulation Results and Discussion, and Sector VII: Conclusion.

Il. MG DEMONSTRATING

Figure 1 provides a single-line diagram illustrating the
configuration of an MG. This diagram is instrumental in
visualizing the key components and connections within the
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MG system. The MG comprises three DG units, which are
represented in the diagram. These DGs serve as local power
sources within the MG. Each DG is interconnected by trans-
mission lines (RTLI =0.7 Q, RTL2 =15 Q, LTLl =0.5 mH,
and L1, = 0.9 mH). These lines enable the exchange of
electrical power between the DG units, contributing to the
stability and reliability of the MG. The MG is connected to the
utility grid (V =13.8 KV, R, = 0.2 , L, = 0.3 mH) through
a Point of Common Coupling (PCC). This connection allows
for the import and export of electrical power between the MG
and the utility grid. It is a vital interface for grid-connected
operations. Each DG includes a DC supply system (VDC =
600 V) linked to a Pulse Width Modulation (PWM) inverter.
The PWM system typically operates with two levels, facil-
itating precise control over the power supplied by the DG.
The AC supplied from each PWM inverter is connected to
a A-Y transformer (0.6/13.8 KV). A filter Z¢(Rf = 1.5 m<2,
Xt = 0.5 mH) is inserted in the connection path between the
PWM inverter and the transformer to maintain power quality
and avoid issues related to voltage and current harmonics.
After the transformer, an R(Rpi2, Rr21, Rr31, R, Rio2, and
Rr33 = 150, 150, 150, 9, 5, and 20 Q)L(L;, L, and L3 =
0.6, 0.4, 1.5 H )C(C, C3, and C3 = 50, 42, and 33 uF)
is integrated into the system. This load represents the local
electrical demand within the MG.

This study focuses on improving the off-grid operation of
the MG by implementing a cascaded control method. This
control method is detailed and discussed in depth in the next
section.

Ill. CONTROL PLAN
The control system for the MG in this study is designed
with a cascading control technique, comprising two layers
of control, each with specific responsibilities and functions
depending on the operational mode of the MG, which is
presented in Figure 2.

In the grid-connected mode, the outer control layer man-
ages the complex powers of the MG, maintaining the desired
power output. Concurrently, the inner control layer focuses on
adjusting the direct and quadrature (d-q) current components
(Ieonv._d» Iconv._q) to control the voltages at the PCC. This
inner control layer plays a critical role in regulating voltage
levels at the PCC while operating in grid-tied mode.

In the islanded mode, the control system adapts. In this
mode, the outer layer controls the d-q voltages (Vg, Va).
The inner control layer continues to manage the d-q currents.
A transformation process is used to convert the d-q reference
voltages (Veonv._d*, Veonv._g*) into reference voltages in the
ABC coordinate system (Vcony. a*, Vconv. b*, Veony.,_¢*). The
control system employs four PICs for generating the d-q
reference voltages (Veony._a* and Veony_g*).

To implement the control actions, the inverter uses a com-
parator. The comparator compares a triangle waveform (1980
HZ) [28] to the reference voltages (Veony._a* and Veony._g*).
This comparison drives the inverter’s switching actions, con-
trolling the output to maintain the desired voltage and power
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profiles. The parameters of the PICs are determined and
optimized using the LTSO technique. This ensures the control
system is finely tuned to achieve the desired performance.

The control system’s structure and operation are adaptable
to the MG’s mode of operation, effectively managing both
power and voltage levels to ensure the MG operates with
stability and precision. Stability ensures the system operates
without oscillations or disruptions, while precision implies
accurate control of power and voltage levels. The following
section of the study will provide more in-depth details about
the PICs.

IV. DESIGN PROCEDURES

A. SELECTION OF VARIABLES

The PICs employed in this article are configured within the
MG’s three DGs. Each DG is equipped with two PICs, result-
ing in a total of six PICs, which are designated as follows:
For DG1: PI; 1, and PI; », For DG2: PI, 1, and PI; », and For
DG3: PI3 1, and PI3».

These PICs are responsible for controlling various aspects
of the DGs’ operation to ensure the stability and desired
performance of the MG.

The PICs used in this research have two crucial parameters:

Proportional Gain (KP):

o For PI; ;| in DGy, represented as Rj.
o For PI; 5 in DGy, represented as R3.
o For Pl 1 in DGy, represented as Rs.
o For PI, 7 in DGy, represented as Ry.
« For PI3 1 in DGg, represented as Rg.
o For Pl in DGg, represented as Ry;.

Integral Time Constant (TT):

o For PI; ;| in DGy, represented as Rj.
o For PI; 5 in DGy, represented as Ry.
o For Pl 1 in DGy, represented as Rg.
o For Pl in DGy, represented as Rg.
o For PI3 1 in DGg, represented as Rjg.
o For PI3 5 in DGg, represented as Ry;.

Additionally, the control system uses three levels to catego-
rize the variables associated with the controllers, as stated in
Table 1. These levels help define safe operating boundaries
and reference points for the PICs, ensuring they operate
within acceptable and safe limits. The combination of the
specific PICs, associated KP and TT values, and the defined
control levels form a structured control system for the MG.

B. The RSM AND MINITAB SOFTWARE

A simulation of the MG system is carried out using PSCAD
software. The RSM uses the information extracted from
these simulations to create its inputs. The RSM is a robust
mathematical procedure [35] employed in this study to empir-
ically construct models that expose the intricate relationships
between control strategies and the dynamic behavior of the
MG. The essential input data for RSM consists of criti-
cal parameters that evaluate the MG’s performance. These
parameters include the steady-state error (Egge ), the maximum
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TABLE 1. Boundary levels.

Gains Levels [(&)) (D] @
R, 1 4.5 8
R, 0.0001 0.04505 0.09
Rs 1.3 24 35
Ry 0.02 1.11 22
Rs 0.8 4.15 7.5
Re 0.00015 0.047575 0.095
R, 1 2.1 32
Rs 0.01 1.155 23
Ry 0.5 3.75 7
Ryo 0.00012 0.04656 0.093
Ru 0.9 1.95 3
Rz 0.009 1.2545 2.5

percentage under/overshoots (MPUT/MPOT), and the set-
tling time (Tgy), which are incorporated as a critical input for
RSM and are stated in the appendixes Tables 6- 8. To assem-
ble and analyze these empirical models, data from PSCAD
simulations is employed, describing the MG’s diverse behav-
iors under different operational conditions. MINITAB is the
software used for the construction of RSM models.

The multi-objective function in this study aims to minimize
specific performance metrics for the MG system under con-
sideration. These performance metrics include B; (MPOT),
B, (MPUT), B3 (Tsy), and B4 (Egse). Equation (1) defines the
multi-objective function as a second-order polynomial RSM
template.

Bj = C; + C3R; + C3Ry + C4R3 + CsRy + C6R]
+ C7R% + Cng + C9R42; + CioR1R2 + C11R1R3
+ C12R1R4 + C13RoR3 + C14RoR4+Ci5R3Ry (1)

where i = 1, 2, 3, 4, and Cy, C;..., C;5 are the figured
RSM coefficients for the scenarios stated in the appendixes
Tables 9-11.

V. OPTIMIZATION STAGE

Eq. (1) employs the weighting approach [36] as an input
to the LTSO, COQOT, SFO, and PSO approaches to get the
most effective PI parameters while minimizing transients.
The number of iterations for LTSO, COOT, SFO, and PSO is
500, and the search agents are 20. Table 2 shows the weights
used in this study. The results of the LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO are extracted from [26]
and compared with the results of the proposed technique
explained in the next section.

A. TSO

The TSO, informed in 2020 by Qais M [37], is a novel
and promising meta-heuristic optimization approach rapidly
gaining attention in renewable energy. It has been applied
to test various optimization challenges, demonstrating its
versatility and effectiveness. The TSO technique’s origin can
be traced to the study of transient performance in electrical
circuits containing energy storage elements, such as capaci-
tors and inductors.
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TABLE 2. The weights.

Weights (W) DG #

Wi B, 0.2

W, B, 0.2

W DG B; 0.075
W, B, 0.03
Ws Bs 0.125
We Bs 0.125
W, DG, B, 0.04
Wy Bs 0.02
Wo Bo 0.075
Wio Bio 0.075
Wi DGs By 0.025
WIZ B[z 001

In electrical circuits, changes in the parameters, like
inductor currents and capacitor voltages, do not occur instan-
taneously after a switching event due to the presence of these
energy storage elements. This delayed response is referred to
as the transient response of the circuits. To utilize the poten-
tial of the TSO technique, the [37]authors drew inspiration
from its foundations in modeling and optimizing the tran-
sient behavior of electrical systems. This method has shown
promise in solving optimization problems in the renewable
energy domain, including estimating the electrical parameters
of photovoltaic modules [38] and proton exchange membrane
fuel cells [39]. Therefore, it serves as a valuable tool for
enhancing the performance and efficiency of the MG system
in this research.

The order of the circuits affects their transient respon-
siveness. The transient response of first-order circuits may
be expressed numerically, as illustrated in equation (2).
equation (3) shows the answer to equation (2):

==K @

2(6) = 2(00) + (2 (0) —z(c0))e™  (3)

Likewise, under transients, second-order circuits may be for-
mally described by the second-order differential equation
illustrated below:

d? d

— 7 (t 200 —
z(t) + udt

iz 2(t) + wdz(t) =f(t) )

Equation (5) shows the answer to equation (4):

2 (t) = e ™ (N1cos (2nf 4t) + Nasin (2nf 4¢)) +z(00)
(5)

where z(t) is the dynamic measurement of the voltage over
the capacitance of the circuit or the current in the inductor
of the circuit, 7 is a time constant. The damping coefficient
is denoted by «. The resonant and damped frequencies are
denoted by wy and fy, respectively. N; and Nj are constants.
The TSO’s search agents are updated, as illustrated in (6).
This equation is the mathematical formulation of the TSO
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FIGURE 3. Flowchart of LTSO algorithm.

technique’s exploration and extraction phases.

Xf+ (X, —D1.X})e " ri<05

Xip1 = { X} +e T [cos 2rT) +sin (2rT)] (6)
|X1—D1.X;k| r1 > 0.5
T=2xaxr2—a @)
Ci=kxaxrs+1 (8)
a=2-2, ) ©)

All randomized numbers are t, D1, rl, 12, and r3. X; reflects
the population’s location. The best position is represented by
X7. The letter 1 represents the number of iterations. k is a
constant. The “T” factor balances the exploration and extrac-
tion phases. ‘T’ has a range of [—2, 2]. When ‘T’ is positive,
the extraction process is dominating. Alternatively, a negative
value for “T” indicates that exploration dominates.

B. HYBRID TSO WITH LEVY FLIGHT

Adjustments to the method by which the search agents are
updated are implemented to improve the performance of the
suggested TSO methodology. The initial search agents have
been modified to include the Levy and Weibull functions.
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FIGURE 4. The LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO
voltages for Scenario 1. (a-c) are for DG, to DG5.

The mathematical expression for the levy function LF (y) is
presented in (10) [40]:

uXxo
LF (y) = 0.01x

1 9
[vl”

<[~

(10)

T (14 p) x sin (%)
g =
1

r(%52) xrx 2("7)

The range of ‘v’ and ‘u’ random values between zero and
one.

Furthermore, the Weibull distribution function Wp(u;)
may be stated numerically below:

Wouy) = ()’ (an

where ‘vi’ and ’n’ are the Weibull distribution parameters set
to 2 and 1, respectively. The TSO search agent is improved
based on one of 4 probabilities, and the new LTSO search
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€OOT, and PSO for Scenario 1. (a-c) are for DG; to DG3.

agents are estimated as illustrated in (12). The random integer
‘r1’ value determines how a search agent gets updated.

X1
Xj+P x CFx (X} + (Xi = D1.X}) e ™)
r1 < 0.25

(x7 + (i —D1.x7) ")
— ) +P X rand () x stepsize2; 0.25 <r1 < 0.5

(X; +e T [cos @2nT) +sin (2xT)] |X; — D1.X}|)
+P X rand () x stepsize3; 0.5 <r1 < 0.75

| X;" + P X CF xstepsize4; r1 > 0.75
(12)
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FIGURE 6. The voltages of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT,
and PSO for Scenario 2. (a-c) are for DG; to DG3.

In this context, the value of ‘P’ is specified as ’0.5°, and
‘CF’ represents a constant that varies with each iteration.
Mathematically, the stepsize can be defined as follows:

stepsize2; = Wp x(X] — Wp * X;)
stepsize3; = LF * (X] — LFxX|)
stepsized; = Wp « Wp x( X; — X) (13)
In this context, ’X;” refers to the current search agent, while
X~ represents the best search agent found thus far. The func-

tion "Wp’ corresponds to the Weibull distribution function.
Additionally, ‘LF’ stands for a levy function with a constant
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FIGURE 7. The load powers of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO,
€OOT, and PSO for Scenario 2. (a-c) are for DG; to DGs.

value, which has been set at 1.5. the overall procedure of
LTSO is summarized in the flowchart of Fig. 3.

VI. SIMULATION RESULTS AND DISCUSSION

This section is dedicated to presenting and demonstrating the
numerical results obtained during the study, with the primary
objective of establishing the validity and effectiveness of the
proposed control method based on the LTSO approach. The
primary focus of this section is to assess the effectiveness of
the proposed control method in maintaining the PCC volt-
age within specified and desirable ranges. This evaluation is
conducted across various operational modes of the MG to
determine the controller’s ability to ensure stable and reli-
able voltage levels. The study relies on simulation outcomes
obtained from the PSCAD/EMTDC environment. These
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FIGURE 8. The voltages of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT,
and PSO for Scenario 3. (a-c) are for DG; to DG3.

simulation results are a basis for validating the proposed
LTSO and assessing its performance in realistic settings.
To establish the superiority and advantages of the LTSO,
this section provides a comparative analysis. It compares
the results of the LTSO approach to those obtained through
alternative control methods, including LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO techniques [26]. The MG
system was tested under different operational scenarios: i)
transitioning the system into autonomous mode by discon-
necting from the primary grid, ii) adapting to varying load
conditions while isolated, and iii) responding to a 3-phase
fault while operating in islanded mode.

A. SCENARIO 1 (OFF-GRID MODE)
The initial scenario in this study involves the operation of
the MG in a grid-connected status. At the 2-second mark
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FIGURE 9. The load powers of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO,
COOT, and PSO for Scenario 3. (a-c) are for DG; to DGs.

within this scenario, The MG is intentionally disconnected
from the grid, shifting into an autonomous status. This tran-
sition is a critical test of the MG’s self-sufficiency and the
effectiveness of the control strategies. During this transition,
the study focuses on optimizing the PI parameters of the
DGs using various optimization techniques, namely LTSO,
LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO.
The resulting PI gains are documented in Table 3, highlight-
ing the fine-tuning required to ensure the MG’s stability and
performance during the grid disconnection event. Critical
parameters are analyzed and compared using various fig-
ures to assess the optimized control strategies’ performance.
Notably, Figure 3a-c presents the voltage profiles of the DGs,
comparing the LTSO approach with the other optimization
methods (LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and
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TABLE 3. The results of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO for scenariol.

LTSO CcOOoT SFO PSO AWGC-DA EBS-ABA LMSRE
Scenario 1 DG 1
R; 5.32 R 6.212 R 6.4212 Ry 2.1473
Optimal R,  0.00042 R, 0.0323 R, 0.0055 R, 0.00571 online online online
size R; 2.54 R; 2.652 R; 2.953 R; 1.6794
R4 0919 R4 1.912 Ry 0.3473 Ry 0.3393
MPUT 6.5 % 7.424 % 12.932% 20.41% 7.393% 8.212% 7.931%
Tsu 0.0359 s 0.0383 s 0.0344 s 0.0563 s 0.0311s 0.038 s 0.0451 s
Esse 0.183 % 0.292 % 0.371% 0.422% 0.1931% 0.22% 0.342%
Scenario 1 DG 2
Rs 5297 Rs 6.151 Rs 5.983 Rs 1.5693
Optimum_Rs  0.000418 Rs 0.0319 Rs  0.0041 R¢  0.00432 online online online
size R, 2.61 R; 2.591 R, 2.5083 R; 1.2341
Rg 0925 Rg 1.952 Rg 0.2991 Rg  0.30573
MPUT 6.52 % 7.435 % 12.542% 20.22% 7.372% 8.12% 7.822%
Tsu 0.0361 s 0.03826's 0.0326 s 0.0556 s 0.0308 s 0.0351s  0.0426 s
Esse 0.1732 % 0.3121 % 0.361% 0.4152% 0.193% 0.193 % 0.321%
Scenario 1 DG 3
Ro 5289 Ro 6.041 Ry 5.5344 Ry 1.071
Optimum_R;o  0.000415 Rjp  0.0308 Rjo 0.00315 Ry 0.00342 online online online
size R11 2.625 R11 2.512 R11 2.0992 R11 0.996
Ris 09287 Rpp 1991 R;; 02478 Ry 0.2591
MPUT 6.529 % 7.453 % 12.322% 20.052% 7.322% 7.951% 7.642%
Tsu 0.03619 s 0.03833 s 0.0318 s 0.0552 s 0.0305 s 0.0341s  0.0419s
Esse 0.172 % 0.288 % 0.3541% 0.4083% 0.1891% 0.188% 0.3121%
TABLE 4. The results of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO for scenario2.
LTSO CcOoOoT SFO PSO AWGC-DA EBS-ABA LMSRE
Scenario 2 DG 1
R; 6.13 R, 63742 R 6.4681 R, 1.925
Optimal R, 0.00051 R, 0.0011 R, 0.0125 R, 0.0119 online online online
size R; 2.49 R; 2.541 R; 22796 Ry 23124
R4 0815 Ry 09231 R; 0.2383 Ry  0.2316
MPUT 0.508 % 0.4912 % 2.206% 3.272% 0.522% 2.3141% 1.912%
MPOT 0.816 % 0.9861 % 2.9672% 3.533% 0.893% 2.9452% 2.2161%
Tsu ZEr0 Zero 0.4333 s 0.4533 s ZEero Zero 0.4016 s
Esse 0.112 % 0.382 % 0.4534% 0.4961% 0.161% 0.211% 0.4252%
Scenario 2 DG 2
Rs 6.05 Rs 6.294 Rs 6.0246 R; 1.4027
Optimum_Rs  0.00053 Rs 0.0013 Rs 0.00971 Rs 0.0101 online online online
size R7 2487 Ry 2.512 R7 1.8614 Ry 1.7982
Rg 0.813 Rg 09181 Rg 0.2077 Rg  0.1998
MPUT 0.5098 % 0.4922 % 2.152% 3.237% 0.522% 2.241% 1.822%
MPOT 0.82 % 0.964 % 2.9213 3.4571% 0.8916% 2.942% 2.203%
Tsu Zero Zero 0.4282 s 0.4473 s ZEro ZEro 0.4004 s
Esse 0.114 % 0.3923 % 0.4413% 0.492% 0.1621% 0.204% 0.4121%
Scenario 2 DG 3
Ro 5.096 Ry 6.142 Ro 54977 Ro 0.8994
Optimum_Rjo  0.000535 Rjp  0.00132 Ryo  0.0067 Rio  0.0655 online online online
size Ri 2485 Ry 24897 Ry 1.5786 R;;  1.4878
Rz 0.8112 Rpp 0.896 Rz 0.1753 Ry 0.1626
MPUT 0.511 % 0.4982 % 2.071% 3.212% 0.515% 2.111% 1.814%
MPOT 0.8232 % 0.9472 % 2.908% 3.4363% 0.893% 2.952% 2.1971%
Tsu ZEr0 Z€eTro 0.42332's 0.4182 s ZETo Z€ero 0.3942 s
Esse 0.1167 % 0.413 % 0.435% 0.4861% 0.1622% 0.2011%  0.4031%
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TABLE 5. The results of LTSO, LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO for scenario3.

LTSO CcOooT SFO PSO AWGC-DA EBS-ABA LMSRE
Scenario 3 DG 1
R, 6.26 R, 6.501 R 6.1344 R, 2.1083
Optimal R, 0.00046 R, 0.0011 R, 0.00459 R, 0.0063 online online online
size R; 2.53 R; 2.601 R;  2.4985 R;  2.5751
R4 0.93 R4 0.902 Ry 0.1216 R4 0.113
MPUT 91.52 % 92.112 % 91.652% 93.111% 91.541% 92.051% 92.1552%
MPOT 3.02 % 11.551 % 11.692% 11.972% 7.553% 10.52% 12.361%
Tsu 0.191 s 0.24472 s 0.5662 s 0.8122 s 0.1892 s 0.221 s 0.49123 s
Esse 0.15 % 03113 % 0.471% 0.5491% 0.1951% 0.192% 0.2571%
Scenario 3 DG 2
Rs 6.245 Rs 6.3651 Rs 6.232 Rs 2.1791
Optimum_Rs  0.000473 Rs 0.00121 Rs 0.00441 Rs  0.0062 online online online
size R; 2523 R; 25862 R; 25152 R; 25541
Rs 0.934 Rz 09463 Rg 0.1194 Rsg  0.0993
MPUT 91.13 % 91.6121 % 91.599% 93.093% 91.16% 91.171% 92.08%
MPOT 3.011 % 11.652 % 11.641% 11.891% 7.42% 10.142% 12.33%
Tsu 0.1904 s 0.24461 s 0.5563 s 0.8062 s 0.1882 s 0.2121s  0.4881 s
Esse 0.1412 % 0.3242 % 0.46871% 0.5463% 0.1931% 0.1843%  0.2522%
Scenario 3 DG 3
Ro 6231 Ry 62123 Ry 6.1223 Ry 2.232
Optimum_ R, 0.000481 Rjp 0.00136 Rio  0.0047 Ryo  0.0063 online online online
size R11 2.517 R11 2.5231 R|1 2.4754 R11 2.5132
Ri» 0.937 Rp 09672 Rj;;  0.1212 Rz 0.01088
MPUT 91.11 % 91.262 % 91.435% 92.89% 91.142% 91.174% 91.861%
MPOT 2.995 % 12.113 % 11.592% 11.82% 7.399% 10.142% 12.23%
Tsu 0.1897 s 0.2494 s 0.554 s 0.7951 s 0.1875 s 0.213 s 0.484 s
Esse 0.1402 % 0.4342 % 0.468% 0.5425% 0.1912% 0.1841% 0.251%

PSO). Additionally, Figures 5a-c depict the complex power
profiles of the DGs utilizing the LTSO method alongside
the performance of the alternative optimization techniques.
The analysis of these figures and associated metrics reveals
that the LTSO approach outperforms the other methods in
terms of critical performance indicators. Specifically, the
MPUT for the autonomous status achieved by the proposed
method is less than 6.6%, revealing robust control and lim-
ited voltage deviations (Figure 4a). Moreover, the proposed
technique achieves a Ty of 36 milliseconds, satisfying the
2% criteria for rapid response and system stability. The Egge
is equal to 0.18%, reflecting precise and reliable control.
Overall, the initial scenario involves a controlled transition
from grid-connected to autonomous mode, optimizing the PI
gains for DGs using various techniques. The results demon-
strate that the AWGC-DA approach minimizes overshoots,
achieves rapid damping, and ensures precise control com-
pared to alternative optimization strategies, thus highlighting
its strength, reliability, and functionality in microgrid control.

B. SCENARIO 2 (LOAD CHANGING)

In the second scenario, the MG continues its operation
autonomously. During this scenario, the MG’s performance is
evaluated in response to a dynamic load profile, introducing
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variability and fluctuations in the load conditions: at t =
3 seconds, a significant change occurs in the load profile.
Specifically, the resistance Ry, is increased to 300 €2, and
shortly after the load increase, at t = 3.4 seconds, Ry is
decreased to 150 €.

To assess and optimize the performance of the MG under
these dynamic load conditions, PI parameters for the DGs
are optimized using several techniques, including LTSO,
LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO.
The optimized PI gains are presented in Table 4. To evaluate
the impact of these optimized gains, various figures are used
for comparison:

Figures 6a-c: these figures compare the voltage profiles
of the DGs using the LTSO approach with those achieved
using the other optimization methods (LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO).

Figures 6a-c depict the DGs’ complex power profiles,
again comparing the LTSO approach with alternative opti-
mization techniques.

The analysis of these figures and associated metrics reveals
the impressive performance of the proposed LTSO controller
in the face of dynamic load variations. Notably, the LTSO
approach achieves a Tgy of zero seconds, satisfying the 2%
criteria for rapid response and system stability. The Eg is
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TABLE 6. PSCAD for Scenario 1.

Exp. KP; TIi KP>» Tb B B3 B4 Bs B Bs By Bi Bix
1 0 0 0 0 14.872 0.142 0.7527 152641  0.1495 0.621 15.828 0.16088  0.6288
2 -1 1 1 1 26.513 0.1831 1.053 26.821 0.1857 0.7331  27.301 0.22121 1.021
3 1 1 1 1 12.232 0.28545  0.694 12.513 0.2994 0.513 12.921  0.34661 0.539
4 -1 -1 -1 -1 18.733  0.10671  0.284 19.111  0.10124 0.372 19.621  0.08741 1.045
5 1 0 0 0 11.574 0.16888  0.801 119172 0.17972  0.5401  12.381 0.19974 0.72186
6 -1 -1 1 1 30.222  0.29412 1.241 30.583 0.3273 09561 30961 0.3771 0.388
7 0 0 0 0 14.873 0.142 0.7527 15.2642  0.1495 0.611 15.828  0.16088  0.6288
8 1 -1 -1 -1 11.413  0.07992  0.378 11.722 0.0806 0.362 12.071  0.0851 0.931
9 1 -1 1 1 14322 0.26341  0.587 14.622 0.2799 0.4171  15.092 0.31032 0.659
10 0 0 0 1 14.943  0.14989  0.779  15.2891 0.152 0.5952  15.804 0.16911 0.449
11 0 0 0 -1 15.382  0.16351  0.484 15.733  0.15256 0.321 16.291 0.16622  0.9877
12 -1 1 1 -1 27423  0.18272  0.515 27.722  0.18584 0.793 28.231 0.21631 1.541
13 0 0 0 0 14.872 0.142 0.7527 152642  0.1495 0.621 15.828 0.16088  0.6288
14 0 0 0 0 14.873 0.143 0.7527 152641  0.1495 0.621 15.828  0.16088  0.6288
15 1 1 -1 -1 9.342 0.0801 0.308 9.683 0.083 0.3662  10.101  0.09388 1.121
16 0 0 0 0 14.872 0.142 0.7527 152641  0.1495 0.621 15.828  0.16087  0.6288
17 1 1 -1 1 8.993 0.07772  0.566 9.3152 0.0804 0.38681  9.667  0.09077 0.702
18 -1 -1 -1 1 18.972 0.1071 0.665 19.421 0.1065 0.4762  19.811 0.09281 0.623
19 -1 0 0 0 23.621  0.11392 0.7743  23.963 0.1165 03181 24541 0.13011 0.863
20 1 1 1 -1 12.5072  0.28541  0.186 12.793 0.3048 0.7392  13.201 0.35471 1.47
21 -1 1 -1 1 13.372  0.05241  0.601 13.721 0.0529 0.421 14.101  0.05741 0.726
22 0 0 0 0 14.872 0.143 0.7527 15.2641  0.1495 0.611 15.828 0.16086  0.6288
23 0 -1 0 0 13.682  0.13581  0.801 16.763 0.141 0.5852  17.341 0.14931 0.547
24 -1 -1 1 -1 30.312 0.1661 0.241 30.632 0.1964 0.512 31.081 0.24682 1.16
25 1 -1 -1 1 11.063 0.0802 1.691 11.372 0.9809 1.313 11.711  0.0862 0.731
26 1 -1 1 -1 14.252  0.27991  0.435  14.5371 0.291 0.733 14.961  0.34931 1.471
27 0 1 0 0 14.921  0.14671  0.711 15252 0.15483 0.45761 15.857 0.17142 0.735
28 0 0 0 0 14.872 0.143 0.7527 152641  0.1495 0.621 15.828 0.16086  0.6288
29 -1 1 -1 -1 12.583  0.06061  0.205 12.893 0.0582 0.5272  13.251 0.06322 1.256
30 0 0 1 0 17.211 0.2383 0.72 17.5461 0.24678  0.5271  18.031 0.28311 0.57189
31 0 0 -1 0 10.613  0.07171  0.5532 10913 0.0741 0.3102 11.306 0.08312  0.8388

measured at 0.11%, highlighting the precision and reliability
of control. Furthermore, the MPUT for the load variations
scenario using the proposed LTSO technique is less than
0.51%. It’s important to note that during this scenario, DG ’s
power is decreased to 1.3 MW and effectively returned at
t = 3.4 seconds, while the rest of the DGs respond to these
changes.

The results demonstrate the exceptional performance of the
LTSO, which minimizes overshoots, achieves rapid damping,
and ensures precise control, surpassing the alternative opti-
mization strategies. This underscores the strength, reliability,
and functionality of the LTSO approach in managing the
MG’s response to varying load conditions.
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C. SCENARIO 3 (3-PHASE FAULT)

In the third scenario, the MG continues its operation
autonomously; then, at t = 4 seconds, a controlled 3-phase
fault is intentionally applied at PCC1. This fault introduction
simulates a short-term electrical fault condition and evaluates
the MG’s response to such disruptions. The applied 3-phase
fault is removed at t = 4.1 seconds, allowing the MG to
recover from the fault condition. This event demonstrates the
MG’s resilience and ability to restore normal operations.

To assess and optimize the performance of the MG under
these dynamic fault conditions, PI parameters for the DGs
are optimized using several techniques, including LTSO,
LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO.
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TABLE 7. PSCAD results for scenario 2.

Exp. KP; TI;, KP, Tk Bi B> B3 B4 Bs Bs B Bs Bo Bio Bu Bi
1 0 0 0 0 2.9621 3.956 04793  0.267 3.222 3.517 0.49678 0.569 3.972 2.701 0.5881 1.481
2 -1 1 1 1 5.321 7.761 0.6468  0.423 5.333 7.198 0.65771 0.674 5.793 6.311 0.7327 1.301
3 1 1 1 1 2373 4.161 0.4881 0.551 2.523 3.789 0.5078 0.8015 3.133 3.021 0.6187 1.491
4 -1 -1 -1 -1 4.342 5.144 04741 0.285 4.522 4.684 0.48311 0.417 52351 3.801 0.5108 1.471
5 1 0 0 0 22732 3324 04631 0.208  2.5191 2.8889  0.48852 0.64 3.2832 2.12 0.593 1.481
6 -1 -1 1 1 5.652 7.671 0.6217  0.325 5.653 7.161 0.63021 0.106 5.993 6.361 0.6748 0.821
7 0 0 0 0 29622 3956 04793  0.267 3.223 3.517 0.49678 0.569 3.972 2.701 0.5882 1.481
8 1 -1 -1 -1 3.1221 3.671 0.4741 0.462 3.362 3.191 0.4831 0.391 4.002 2.401 0.5133 1.312
9 1 -1 1 1 2.443 4.851 0.5078  0.179 2.593 4.501 0.51332 0.573 3.133 3.757 0.6075 1.174
10 0 0 0 1 2.811 4.071 0.4691 0.438  3.0101 3.641 0.4825 0.39 3.632 2.931 0.5075 1.111
11 0 0 0 -1 3.7291 4371 0.5382 1.446 4.083 3.871 0.5608 1.743 5.1332 2.801 1.002 2.932
12 -1 1 1 -1 6.342 7.111 0.7302  0.981 6.523 6.601 0.793 1.491 7.363 5.561 1.121 0.451
13 0 0 0 0 29622 3956  0.4791 0.267 3.222 3.517 0.49678 0.569 3.973 2.701 0.5881 1.481
14 0 0 0 0 29622 3956 04793  0.267 3.222 3.517 0.49678 0.569 3.972 2.701 0.5883 1.481
15 1 1 -1 -1 3.152 3.881 0.4828  0.365 3.422 3.451 0.49412 0.635 4.262 2.571 0.5443 1.751
16 0 0 0 0 29622 3956 04793  0.267 3.223 3.517 0.49678 0.569 3.972 2.701 0.5883 1.481
17 1 1 -1 1 2.742 3.921 0.4799  0.501 2.863 3.617 0.49372 0.174 3.372 2917 0.5191 0.964
18 -1 -1 -1 1 4.233 5.291 0.4741 0.569 4.263 4.931 0.47487 0.281 4.673 4.251 0.4858 0.837
19 -1 0 0 0 4.522 6.596  0.5328 0.22 4.721 6.181 0.54382 0.839 5.363 5.325 0.5972 1.681
20 1 1 1 -1 3.873 4.731 0.7302 1.405 4.152 4311 0.82781 1.913 5.092 3311 1.312 2.161
21 -1 1 -1 1 3.782 5.251 0.4801 0.484 3.843 4.897 0.493 0.222 4.321 4.161 0.5132 0.981
22 0 0 0 0 2.963 3.956  0.4791 0.267 3.222 3.517 0.49678 0.569 3.972 2.701 0.5881 1.481
23 0 -1 0 0 3.052 4.101 0.4747 0312 3.2902 3.661 0.493 0.521 4.003 2.896 0.5661 1.451
24 -1 -1 1 -1 6.243 6.851 0.6635 1.111 6.411 6.351 0.69672 1.571 7.111 5.36 1.211 1.751
25 1 -1 -1 1 3.143 4.821 0.4802  0.457 3.353 4.321 0.48832 0.201 3.773 3.621 0.5138 0.776
26 1 -1 1 -1 3.462 4.511 0.7161 1.411 3.723 4.101 0.91891 1.921 4.643 3.171 1.4222 3.561
27 0 1 0 0 2.923 3.841 04773  0.266 3.172 3.38 0.49951 0.795 3.982 2.537 0.5663 1.721
28 0 0 0 0 2.962 3.956 04793  0.267 3.223 3.517 0.49678 0.569 3.973 2.701 0.5881 1.481
29 -1 1 -1 -1 4.483 5.135 04802  0.301 4.711 4.641 0.49141 0.691 5.463 3.701 0.5242 1.771
30 0 0 1 0 3.652 6.091 0.5468 0'??36 3.823 5.721 0.56332 0.954 4.473 4.871 0.7908 1.771
31 0 0 -1 0 3.522 4488 04832  0.542 3.632 4.091 0.49121 0.192 4.162 3.349 0.5188  0.9965

The optimized PI gains are presented in Table 5. To evalu-
ate the impact of these optimized gains, various figures are
employed for comparison:

Figures 8a-c: these figures compare the voltage profiles
of the DGs using the LTSO approach with those achieved
using the other optimization methods (LMSRE, EBS-ABA,
AWGC-DA, SFO, COOT, and PSO).

Figures 8a-c depict the DGs’ complex power profiles,
again comparing the LTSO approach with alternative opti-
mization techniques.

The analysis of these figures and associated metrics reveals
the impressive performance of the proposed LTSO controller
in the face of dynamic load variations. Notably, the LTSO
approach achieves a Ty of 19 milliseconds, satisfying the 2%
criteria for rapid response and system stability. The Egge is
measured at 0.15%, highlighting the precision and reliability
of control. Furthermore, the MPOT for the load variations
scenario using the proposed LTSO technique is less than
3.1%. The results demonstrate the exceptional performance
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of the LTSO, which minimizes overshoots, achieves rapid
damping, and ensures precise control, surpassing the alter-
native optimization strategies. This underscores the strength,
reliability, and functionality of the LTSO approach in manag-
ing the MG’s response to varying load conditions.

VII. CONCLUSION

This research presents an innovative methodology for opti-
mizing CSs within islanded MGs by harnessing the capa-
bilities of the LTSO technique. This study’s primary focus
involves determining optimal gains for Twelve PICs by
applying LTSO within a multi-objective optimization frame-
work.

The efficacy and robustness of this approach are convinc-
ingly demonstrated through extensive simulations conducted
with the PSCAD/EMTDC program. The simulation results
confirm the effectiveness of the proposed controller in regu-
lating voltage profiles while simultaneously managing active
and reactive powers. Notably, the outcomes reveal rapid and
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TABLE 8. PSCAD results for scenario 3.

Exp. KP; TI, KP, TL B, B, B; B4 Bs Bs B Bs Bo Bio Bu B
1 0 0 0 0 92.392 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
2 -1 1 1 1 92.293 7.421 3.002 0.329 90.002 7.121 2.6981 100200  87.632 6.551 2.1177 0.586
3 1 1 1 1 92.312 7.531 2.7871 0.401 90.003 7.201 2.682 0.901 87.663 6.635 2.1871 0.551
4 -1 -1 -1 -1 92.542 7.371 5.1361 1.7669 90.312 7.141 5.0044 1.499 88.050 6.834 5.678 0.988
5 1 0 0 0 92.389 6.739 1.8373 0.4939 90.103 6.391 1.6872 0.352 87.793 5.681 1.162 0.808
6 -1 -1 1 1 92.294 7.281 6.9881 1.988 89.989 6.971 6.1551 0.8 87.655 6.371 5.9996 1.451
7 0 0 0 0 92.392 6.581 1.8868 0.3366 90.112 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
8 1 -1 -1 -1 92.444 7.891 4311 0.951 90.182 7'118 4.1351 1.091 87.883 7.381 4.511 0.9
9 1 -1 1 1 92.302 7.461 5.221 7.631 89.992 7.145 4.7661 6.991 87.643 6.531 4.5241 5.499
10 0 0 0 1 92.344 7.601 2.311 0.278 90.035 7.281 2.2231 0.289 87.713 6.66 2.0171 0.335
11 0 0 0 -1 92.677 3.761 0.5542 0.4208 90.511 335 0.5296 0.3343  88.255 2.301 0.4791 0.193
12 -1 1 1 -1 92.582 4.771 0.6901 0.531 90.371 4.401 0.6182 1.201 88.111 3.501 0.5294 923.40
13 0 0 0 0 92.393 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
14 0 0 0 0 92.393 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
15 1 1 -1 -1 92.542 7.801 3.2031 0.275 90.322 7.611 3.2037 0.458 88.042 7.191 3.2037 0.356
16 0 0 0 0 92.392 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
17 1 1 -1 1 92.321 8.171 6.221 4.561 89.995 7911 6.0791 8.761 87.666 7.491 5.9881 6.761
18 -1 -1 -1 1 92.292 8.071 7.1371 1.871 89.975 7.801 7.0581 1.431 87.644 7.34 7.452 0.994
19 -1 0 0 0 92.382 6.901 2.1091 0.56 90.075 6.571 2.0422 0.507 87.759 5.901 1.3203 0.441
20 1 1 1 -1 92.572 4.601 0.6232 0.511 90.352 4.211 0.5758 0.351 88.086 3.291 0.4876 0.376
21 -1 1 -1 1 92.321 7.881 7.1771 8.034 89.982 7.611 6.8552 7.996 87.643 7.24 6.3618 8.121
22 0 0 0 0 92.392 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
23 0 -1 0 0 92.413 6.591 2.3371 0.25 90.133 6.251 2.2121 0.372 87.803 5.54 1.6648 0.333
24 -1 -1 1 -1 92.553 4.771 0.8898 0.511 90.333 4411 0.8148 0.461 88.032 3.501 0.6041 0.681
25 1 -1 -1 1 92.293 8.421 6.672 1.781 89.982 8.131 6.483 0.9886  87.663 7.691 6.7071 2.561
26 1 -1 1 -1 92.582 4.941 0.7428 0.751 90.373 4.541 0.6929 0.871 88.082 3.611 0.5301 1.201
27 0 1 0 0 92.428 6.701 1.5372 0.346 90.150 6.361 1.4622 0.286 87.824 5.651 0.9872 0.472
28 0 0 0 0 92.392 6.581 1.8868 0.3366 90.113 6.245 1.6902 0.478 87.807 5.521 1.1678 0.772
29 -1 1 -1 -1 92.553 7.701 6.873 5.601 90.332 7.54 6.5681 5.101 88.052 7.081 6.1271 6.101
30 0 0 1 0 92.383 7.191 2.3621 4.521 90.075 6.861 2.2141 0.348 87.743 6.181 1.6391 0.526
31 0 0 -1 0 92.346 8.031 5.003 7.441 90.048 7.764 4911 5.501 87.728 7.279 4.611 3.251

effective dampening of transient responses, with minimal
settling time (Tstl) and negligible steady-state error (Esse)
observed under a range of operational scenarios: i) transition-
ing the system into autonomous mode by disconnecting from
the primary grid, ii) adapting to varying load conditions while
isolated, and iii) responding to a 3-phase fault while operating
in islanded mode.

To validate the presented LTSO technique further, compre-
hensive comparative simulations were executed to assess its
performance against other optimization strategies, including
LMSRE, EBS-ABA, AWGC-DA, SFO, COOT, and PSO
approaches. Precisely, in scenario 1, the LTSO approach
scaled down the voltage undershoot (MPUT) by 18%, 20.8%,
12%, 49.7%, 12.4%, and 68% compared to the LMSRE,
EBS-ABA, AWGC-DA, SFO, COQOT, and PSO approaches,
respectively. In scenario 2, it scaled down the steady-state
error (Egse ) by 73.6%, 47%, 30%, 75%, 70.6%, and 77.4%
relative to the LMSRE, EBS-ABA, AWGC-DA, SFO, COOT,
and PSO approaches, respectively. In scenario 2, adapting to
varying load conditions while isolated, the offered approach
accomplished a Ty of zero seconds, indicating a speedy
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response. Moreover, in scenario 3, the LTSO approach scaled
down the voltage overshoot (MPOT) by 75.5%, 71.3%,
60%, 74%, 73.8%, and 74.7% compared to the LMSRE,
EBS-ABA, AWGC-DA, SFO, COQT, and PSO approaches,
respectively. The results establish the superiority of the LTSO
approach in enhancing MG behavior during transient events.

The LTSO technique has exhibited significant promise
in microgrid control. Future work should focus on expand-
ing its applicability to a broader range of fields, including
more complex grid systems, battery storage approaches, and
smart-grid systems. An important direction is investigating
how LTSO can be leveraged in these domains to enhance
overall performance in all types of faults and green energy
integration.

ABBREVIATIONS )
AWGC-DA  Adaptive-Width Generalized Correntropy
Diffusion Algorithm.
CCL Centralized Control.

COOT Coot Bird Metaheuristic Optimizer.
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TABLE 9. RSM model constants for Scenario 1.

scenario (1)

Cons.
B B3 B4 Bs B7 Bs By B B2
C 14.7842 0.14225 0.74641 -0.0084 0.14112 0.5261 15.8971 0.16101 0.63001
C, -5.3341 0.01959 0.00471 -5.35 0.07042 0.0165 -5.3761 0.02456 -0.01442
Cs -1.3941 -0.00782  -0.08142 -1.558 -0.06011 -0.0438 -1.5562 -0.00836 0.08742
Cy 3.8852 0.08221 0.02442 3.87 0.03981 0.0791 3.8981 0.11021 0.04811
Cs -0.0721 0.0059 0.26991 -0.066 0.05722 0.0615 -0.0792 0.00591 -0.28481
Cs 2.9062 -0.0013 0.0502 2.522 0.01781 -0.009 2.4851 0.0048 0.16212
C; -0.3901 -0.0015 0.0181 0.589 0.01761 0.084 0.6232 0.0002 0.01061
Cs -0.7752 0.0122 -0.1012 -1.189 0.03012 -0.019 -1.3071 0.023 0.07501
() 0.4802 0.014 -0.1062 0.093 0.02202 0.01 0.0722 0.0075 0.08802
Cio 0.6492 0.01478 -0.07902 0.666 -0.03752  -0.0587 0.6662 0.01983 -0.07952
Cn -2.3931 0.01957 -0.14501 -2.391 -0.03811 -0.0767 -2.3841 0.01629 0.01312
Cp, -0.0581 -0.0077 -0.00421 -0.065 0.04792 0.0049 -0.0571 -0.01049 -0.00641
Cis 0.3421 0.00325 0.08112 0.342 0.05571 0.0633 0.3542 -0.00517 0.02711
Cis -0.0381 -0.00665  -0.07062 -0.045 -0.06392  -0.0976 -0.0392 -0.00586 -0.01111
Cis -0.0952 0.00863 -0.00841 -0.097 -0.04801 -0.068 -0.0891 0.00666 -0.09052
CS Control Strategies. NOMENCLATURE
DCL Droop-Based Control. T time constant.
DERs Distributed Energy Resources. o The damping coefficient.
DG Distributed Generator. o Resonant frequency.
EBS-ABA Enhanced Block-Sparse Adaptive Bayesian B Maximum Percentages Overshoot.
Algorithm. B> Maximum Percentages Undershoot.
Egse Steady-State Error. B3 Settling Time.
LM Least Mean. By Steady-State Error.
LTSO Levy Flight and Transient Search Optimiza- Cy,Cy, ..., Ci5 the estimated RSMT constants.
tion. CF constant that varies with each iteration.
MG Microgrid. K, and P constant.
MPOT Maximum Percentages Overshoot. KP Proportional Gain.
MPUT Maximum Percentages Undershoot. LF a levy function with a constant value.
MVASM Multivariable And Servomechanism. Nj and N, constants for the second-order differen-
PCC Point of Common Coupling. tial equation of second-order circuits.
PIC Proportional-Integral Controller. Ri,R3, Rs,
PSO Particle Swarm Optimization. R7,Ro, Ry The proportional Gains of the PI con-
PWM Pulse Width Modulation. trollers.
RESs Renewable Energy Sources. R», R4, Rg,
RSM Response Surface Methodology. Rg, Rjp, R12 the Integral Time Constants of the PI
SFO Sunflower Optimization. controllers.
SGs Synchronous Generators. T factor balances the exploration and
SRE Square Root of Exponential. extraction phases.
TSO Transient Search Optimization. TI Integral Time Constant.
Tsu Settling Time. W weights.
VSIs Voltage Source Inverters. fd damped frequency.
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TABLE 10. RSM model constants for Scenario 2.

scenario (2)

Cons.
1 B: B3 By Bs Bs B Bs By Bio B B
C 3.00121 4.119 0.478791  0.3464  3.25281 3.684 0.49421  0.6427  4.00512 2.867 0.59691 1.573
G -1.01672  -1.0512  -0.01462  0.0477 -0.96742 -1.0253 -0.0014  0.0542 -0.9207  -0.9958  0.01771 0.2013
Cs -0.03901 -0.0612 0.007102  0.0102  -0.03392 -0.0555 0.00522 0.0796  0.01242  -0.0839 -0.00261 -0.0302
Cy 0.37992  0.6752  0.075551 0.1708  0.37661 0.6627  0.09631 0.3788  0.41631 0.6094  0.21301 0.2023
Cs -0.34781  0.1339  -0.03458 -0.2123 -0.41352 0.1596  -0.0548 -0.4074  -0.5822 0.2595  -0.16321 -0.4271
Cs 0.3512 0.651 0.02072 -0.224 0.3211 0.656 0.02601 0.012 0.27821 0.663 -0.01202  -0.098
C; -0.0602 -0.338  -0.00131 -0.149 -0.0581 -0.358  0.00511 -0.07 -0.05282  -0.343  -0.03971  -0.093
Cs 0.5402 0.981 0.03762 0.1514 0.4371 1.027 0.03712  -0.155 0.27221 1.051 0.04882 -0.295
Cy 0.2191 -0.088 0.02622 0.504 0.2572 -0.123  0.03151 0.339 0.33821 -0.193 0.14831 0.342
Cyo 0.03412  -0.0903  -0.00527  0.0269  0.02412 -0.0713 -0.0132 -0.0156  0.02561  -0.0672 -0.00291 -0.004
Cn -0.41841 -0.4123 -0.01326 0.036 -0.41091 -0.3763  -0.0005  0.0995 -0.37312 -0.3696 0.01311 0.271
Cpy -0.02842  -0.0473  -0.01916 -0.0664 -0.01592  -0.045 -0.0312  -0.013  -0.01061 -0.0489 -0.03652  -0.179
(O 0.04911 0.0397  0.005061  0.0295  0.05291 0.0201  -0.0001  0.0183 0.05062  0.0184  -0.01272  -0.185
Cyy -0.12092  -0.1378  -0.00426  0.0414 -0.12962 -0.1296 0.00231  0.0185 -0.13442 -0.1234 0.01782 0.194
Cis -0.18341 -0.0123  -0.03515 -0.2508 -0.18711 -0.0311 -0.0565 -0.2168 -0.20561 -0.0258 -0.14521  -0.023
TABLE 11. RSM model constants for Scenario 3.
scenario (3)
Cons.
B B> B3 By Bs Bs B Bs By Bio B B>

C, 92.4021 6.583 1.777 0.8231  90.1215 6.239 1.632 0.494 87.8123 5.508 1.104 -6.813

C, -0.00183  0.0781 -0.468  -0.213  -0.00238 0.074 -0.417 0.089  -0.00195 0.068  -0.383 -51.31

Cs -0.00173  -0.0111 -0.4052 0.1731 0.013891 -0.0071 -0.3642 0.5991 0.01512  -0.007 -0.537 51.824

Cy 0.0155 -0.8531 -1.577  -0.837  0.02012 -0.9081 -1.6142  -1.15 0.01588  -1.075 -1.778  50.213

Cs 0.01054 0.9031 1.3602  0.8651 -0.17168  0.9042 1.2711 0.947  -0.20271 09912 1.1791 -50.42

Cs -0.0283 0.2371 0.3282  -0.864 -0.0414 0.2472  0.3031 -0.081 -0.0424  0.3001 0.2142  16.323

C; 0.0156 0.0631 0.2922  -1.093 0.0103 0.073 0.276 -0.181 -0.0039  0.1051 0.2991 16.012

Cs -0.0503 1.0282 2.0361 4.593 -0.06881 1.0792 1.9961 2416  -0.08181 1.2392 2.0941 17.523

Cy -0.12707  -0.9021 -0.2182 -1.042 0.1383 -0.9181 -0.1852 -0.197 0.16571  -1.011 0.2222 15915

Cio 0.00463  -0.0551 -0.1051 -0.858 0.005811 -0.0582 -0.0771 -0.612  0.01007 -0.058 0.015 -58.512

Cy -0.0282  -0.0602  0.2344 09781 0.01057 -0.0678 0.2522  0.6991 0.01282 -0.07 02322 -57.121

Cp 0.00825 0.0201 0.0811  0.5062 0.009312 0.0192  0.1032 0.7941 0.01357 0.0191 0.1072 58.314

Cis 0.0063 0.00512 -0.4322 -1.327 -0.00819 -0.0001 -0.3672 -1.485 -0.00482 0.0141 -0.23 56.323

Ciy  -0.00551 -0.0073 -0.4463 -0.181 -0.00695 -0.0092 -0.4032 0.2802 -0.01383 0.0162 -0.442  -57.61

Cis -0.0502 0.5531 0.463 0.0251  -0.01295  0.5903 0.3782 -0.314 -0.01783  0.685 0.358  -58.119
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LF (y)

rl

t,, rl, 12, r3

the levy function.
random integer.
randomized numbers.

uand v random values between zero and one.

vy and 7 the Weibull distribution parameters.

Wp the Weibull distribution function.

X the population’s location.

X7 best position.

X the current search agent.

Xy the best search agent found.

Z(t) the dynamic measurement of the volt-
age over the capacitance of the circuit
or the current in the inductor of the
circuit.

APPENDIX

See Tables 6-11.
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