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ABSTRACT

Microgrids have emerged as a vital component of modern energy
systems, offering localized generation and distribution capabilities that
enhance grid resilience and sustainability. However, the effective
control and sizing of microgrids present intricate challenges that
demand innovative approaches and future-focused strategies. The
challenges in controlling and sizing microgrids primarily revolve
around the integration of diverse energy resources, load dynamics,
and the need for seamless transition between grid-connected and
islanded modes. Accurate sizing of components, such as renewable
energy sources, energy storage systems, and control devices, is
pivotal for optimizing microgrid performance. In response to these
challenges, a variety of control approaches have been developed.
Hierarchical control structures, including primary, secondary, and
tertiary control layers, enable coordinated control of microgrid
components. Advanced optimization techniques, such as model
predictive control and distributed control, enhance the efficiency and
reliability of microgrid operations. In conclusion, the control and sizing
of microgrids represent a dynamic research domain with multifaceted
challenges and evolving control paradigms. Addressing these
challenges and embracing novel control strategies will be pivotal in
realizing the full potential of microgrids, fostering energy sustainability,
and contributing to the transformation of future energy grids. This
abstract provides a foundational understanding of the current state,
emerging trends, and potential research directions in the domain of
microgrid control and sizing.
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Microgrids represent a transformative
approach in the quest for more resilient, efficient,
and sustainable energy systems. As self-sufficient
energy systems that can operate independently or
in conjunction with the main power grid, microgrids
integrate distributed energy resources (DERs)
such as solar panels, wind turbines, and energy
storage systems. This integration offers significant

advantages in terms of energy security, reliability,
and environmental sustainability. However, the
control and sizing of microgrids pose complex
challenges that require sophisticated approaches
to ensure optimal performance.

The growing penetration of renewable
energy sources in microgrids is a double-edged
sword. On one hand, it reduces dependence on
fossil fuels and decreases greenhouse gas

Corresponding author: Abba Muhammad Adua
B4 abbamuhammadadua@yahoo.com

Department of Electrical and Electronics Engineering, Faculty of Engineering, Kebbi State University of Science and Technology, Aliero.
© 2023. Faculty of Technology Education. ATBU Bauchi. Al rights reserved



JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 11(3), SEPTEMBER, 2023
ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng

emissions, aligning with global sustainability
goals. On the other hand, the intermittent and
variable nature of renewable energy sources
introduces  significant uncertainties in power
generation. According to [1]) , managing these
uncertainties is one of the primary challenges in
microgrid control, as it directly impacts the stability
and reliability of the power supply.

Energy storage systems, particularly
batteries, play a critical role in addressing the
intermittency  of renewables. However, as
highlighted by [2], the high costs, limited lifespan,
and recycling issues of current battery
technologies present substantial hurdles. The
integration and optimization of these storage
systems within microgrids necessitate advanced
control and sizing strategies to balance
performance, cost, and longevity.

Economic viability is another pressing
concern. While microgrids offer long-term benefits
such as reduced operational costs and enhanced
energy security, the initial capital investment is
often prohibitively high. The paper [3] emphasize
the need for innovative financial models and cost-
effective  technological solutions to make

Bi-Directional
Converter

microgrids more accessible and attractive to both
urban and rural communities.

To address these multifaceted
challenges, a variety of control approaches have
been developed. Hierarchical control structures,
as described by [4], provide a robust framework
for managing the different layers of microgrid
operations, from real-time local control to higher-
level economic dispatch. Decentralized control
methods, such as multi-agent systems and peer-
to-peer energy trading, offer scalable and resilient
alternatives by distributing control functions
across multiple nodes, thereby enhancing the
microgrid's adaptability and fault tolerance[5].

The advent of artificial intelligence (Al)
and machine learning (ML) is revolutionizing
microgrid control. The paper [6] illustrate how Al-
based predictive models and reinforcement
learning algorithms can optimize energy
management and decision-making processes,
significantly improving efficiency and reducing
costs. These technologies enable microgrids to
adapt dynamically to changing conditions, thereby
enhancing their overall performance and
reliability.

Figure 1.1 Basic structure of an autonomous MG [7]

LITERATURE REVIEW

The literature on the control and sizing
of microgrids has evolved significantly over the
past decade, reflecting the rapid advancements in
renewable energy technologies, energy storage

solutions, and smart grid innovations. This review
synthesizes recent, reliable, and relevant studies
to provide a comprehensive understanding of the
current challenges, control approaches, and future
directions in microgrid systems [12].
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Current Challenges

Microgrids face numerous challenges,
primarily driven by the integration of renewable
energy sources such as solar and wind. These
sources are inherently intermittent and
unpredictable, leading to stability and reliability
issues in microgrid operations. According fo a
study by [13], managing the variability and
uncertainty of renewable energy generation is one
of the foremost challenges in microgrid control.
Moreover, the high initial costs and economic
viability of microgrids remain critical concerns, as
highlighted by [14], who emphasize the need for
cost-effective solutions to enhance the adoption of
microgrids in both urban and rural areas.
Energy storage is another pivotal challenge in
microgrid management. The authors of [15]
discussed the role of

Control Approaches

Various control strategies have been
proposed to address these challenges, with a
focus on enhancing the stability, reliability, and
economic performance of microgrids. Hierarchical
control structures are widely recognized for their
effectiveness in managing the complex dynamics
of microgrids. The paper [16], described a three-
layer hierarchical control system comprising
primary, secondary, and tertiary controls, each
responsible for different aspects of microgrid
management. This layered approach allows for
real-time control at the local level, coordinated
control at the microgrid level, and optimal
economic dispatch at the higher level.

Decentralized control methods have
also gained prominence due to their scalability
and robustness. An in-depth study by [17]
explores decentralized control techniques such as
multi-agent systems and peer-to-peer energy
trading, which facilitate autonomous decision-
making and improve resilience against failures.

Artificial intelligence (Al) and machine
learning (ML) techniques are increasingly being
integrated into  microgrid control  systems.
According to [18], Al-based predictive models can
forecast energy generation and demand with high
accuracy, enabling more efficient energy
management and reducing operational costs.

Furthermore, reinforcement learning algorithms
are being employed to optimize real-time control
decisions, enhancing the adaptability of
microgrids to changing conditions.

Optimization Techniques

Optimization plays a crucial role in the
design and operation of microgrids. Linear
programming  (LP)  and  mixed-integer
programming (MIP) are traditional optimization
methods widely used for unit commitment and
economic  dispatch  problems.  Recent
advancements, as discussed by [19], have
incorporated non-linear programming (NLP) and
dynamic programming (DP) to address the non-
lineariies and complexities in  microgrid
operations.

Stochastic  optimization  techniques
have been developed to handle uncertainties in
renewable energy generation and load demand.
The paper [9] present stochastic programming
models that consider various scenarios and
probabilities, providing robust solutions that
enhance the reliability of microgrids under
uncertain conditions. Heuristic methods, including
genetic algorithms (GA) and particle swarm
optimization (PSO), have been applied to solve
complex optimization problems in microgrids. A
study by [10] demonstrates the effectiveness of
these methods in optimizing the sizing and
placement of distributed energy resources
(DERs), thereby improving the overall efficiency
and performance of microgrids.

The future of microgrid research is
oriented towards the development of more
advanced and adaptive control algorithms. With
the increasing penetration of Al and loT
technologies, real-time monitoring and predictive
control are expected to become more
sophisticated. The paper [11] suggest that the
integration of blockchain technology could
enhance the security and transparency of energy
transactions within microgrids, fostering greater
trust and participation among stakeholders.
Furthermore, advancements in energy storage
technologies, such as solid-state batteries and
supercapacitors, are anticipated to address the
current limitations of battery systems. Research
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by [20] indicates that these technologies could
offer higher energy densities, longer lifespans,
and faster charging times, significantly boosting
the performance and economic viability of
microgrids.

In conclusion, the literature review
highlights the significant progress made in the
control and sizing of microgrids while also
identifying ongoing challenges and opportunities
for future research. By leveraging advanced
control strategies, optimization techniques, and
emerging technologies, microgrids can play a
crucial role in achieving sustainable and resilient
energy systems.

Microgrid Design Optimization Criteria
Different design criteria are used to
attain the best design outcomes in both grid-
connected and  standalone  microgrids.
Researchers have used a variety of optimization

L )

objective functions, sometimes referred to as
design criteria, over time to evaluate microgrid
systems.
Power electronics, distributed generators (DGs),
energy  storage  systems, loads, and
communications are only a few of the technologies
used by microgrids [14]. Power electronics,
distributed generators (DGs), energy storage
systems, loads, and communications are only a
few of the technologies used by microgrids [14].
Utilizing MGs has advantages that include:
1. reduced transmission and distribution
losses,
2. improved power supply availability
despite individual unit failures and
3. The potential to include extra
management or control services is a
possible solution to the difficulties
associated with intermittent DERs [21].

Figure 2:1 Microgrid configuration

The importance of Microgrid

Microgrids  (MGs) were originally
designed with the intention of self-supplying their
locations, but this situation quickly altered as it
was realized that transactional approaches could
be deliberately used to achieve financial
advantages [22]. End users receive a
considerable return from the MGs in the form of
low-cost electricity users, less reliance on the
power grid, decreased service fees, and income
from injecting surplus electricity into the grid [11].

GRID-CONNECTED MICROGRID OVERALL
SCHEME

Figure 3.1 depicts the general layout of
the proposed Grid-connected MG. In this study,
MG is made up of conventional diesel engine
(CDE) sources, demand response (DR) models,
and consumers with renewable energy sources
including photovoltaic (PV) generator sources and
wind turbine (WT) generator sources [23], [24].

THE STRATEGY OF POWER MANAGEMENT
The operating strategies, or the
coordinated controls among the many distributed
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energy systems, are what determine how
economically and technically effective microgrids
are:

Microgrid Optimal Sizing Methods
Researchers developed and used a
variety of optimization strategies, all of which

aimed to achieve the aforementioned goals
functions, or design criteria described above. The
RE system design can employ optimization at any
point to identify the best operating requirements
while addressing all roadblocks.

. Main Grid

dls 17 Microgrid
L'~ Il operator

Diesel Generator Wind System

Solar PV system Residential customers

Figure 2.2: Grid-Connected MG Scheme with DR mode

Sizing optimization
methodologies

Conventional Evolutionary
methods methods
Iterative Graphical Linear Numerical
method construction || programming method
method |
Evolutionary Swarm
Algorithms Intelligence
| | | |
Genetic Differential Firefly Particle || Harmony || Mind Blast | Simulated
Algorithm Evolution Algorithm Swarm Search || Algorithm || Anealing
Figure 2.3: The sizing optimization methods
METHOD AND MATERIALS search is conducted in major academic databases

To carry out this review on a systematic
approach is adopted. Initially, a comprehensive

such as IEEE Xplore, ScienceDirect, and Google
Scholar to identify relevant peer-reviewed journal
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articles, conference papers, and industry reports
published in the last decade. Keywords such as
"microgrid control," "microgrid sizing," "renewable
energy integration," "energy storage
management," and "grid stability" are used to
refine the search. Each selected paper is then
meticulously reviewed to extract information on
the current challenges faced by microgrids,
various control strategies employed, and the
optimization techniques applied. Special focus is
placed on identifying gaps in the existing research
and potential areas for future study.

OVERVIEW OF THE DETAIL ASSOCIATED
WITH CONTROLLING, OPTIMIZING, AND
SIZING SYSTEMS, AS WELL AS ENERGY
MANAGEMENT

This section covered the topics of hybrid
renewable energy system sizing, control,
optimization, and energy management.

Sizing in hybrid renewable energy system

Hybrid renewable energy systems have
evolved as an effective way to handle the sporadic
and variable nature of individual renewable energy
sources as the demand for clean and sustainable
energy sources keeps rising. Hybrid systems must
be properly sized to perform at their peak, have a
consistent power source, and be as economical as
possible. In addition to optimization analyses,
software has been developed for designing and
assessing the performance of microgrids. HOMER
is the most widely used simulation software for
creating microgrids, followed by HOGA/IHOGA,
HYBRID2, and HYBRIDS.

To determine the generators' capacity, it
is crucial to size the hybrid system [25]. Without
proper sizing, the system runs the danger of being
undersized or oversized [26]. The measurement of
real load and step time to precisely account for
changes presents the most challenges. According
to ref. [27], The majority of researchers use
average hours, days, or months as data samples.
There are two types of size techniques: the first
uses software, while the second uses
conventional techniques [28], [29].

Sizing using Software

To size hybrid systems, a variety of
commercial applications are available. The
majority of these applications, such as RET
Screen, iHOGA (Hybrid Optimization by Genetic
Algorithm),  INSEL  (Integrated  Simulation
Environment  Language), HOMER  (Hybrid
Optimization Model for Electric Renewable), and
other software, run on Windows computers and
use the Visual C++ programming language [30].
For sizing hybrid systems based on diesel
generators, solar generators, and wind turbines
with storage systems (batteries) for large supply,
authors in [31] employed HOMER software. The
goal of this study is to employ a hybrid system that
is less expensive and produces less carbon
dioxide. The system localized cost between 9,3
and 12,6 cents per kWh with 43.9% coming from
global production and renewable resources is the
best economic outcome after simulation [32].

Sizing using traditional methods
There are four primary conventional ap
proaches for sizing and they are as follows:
1. Analytical method;
2. lterative approach;
3. Probabilistic method;
4. Artificial intelligence methods.

Using Analytical method

According to this method's definition of
hybrid system size as a function of viability, the
hybrid system is taken into account as a tool for a
numerical model [33]. A study for a hybrid system
utilizing an analytical method, with a solar
generator and a wind turbine as its constituent
parts, was published by [34]. The goal is to look at
how to make the hybrid system's water efficiency
more efficient.

Using Iterative approach

This approach is a recursive algorithm
program that terminates when the ideal system
design is reached [30]. This technique was used
by [35] to size a standalone hybrid system that
combined batteries, solar PV, and wind power for
supply to a remote village. This study's goal is to
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create a system with low costs and excellent
reliability [36].

Using Probabilistic method

The impact of wind speed isolation and
modifications to the system design are taken into
consideration by probabilistic approaches to the
size of an integrated system [37]. Even though it
is one of the most often utilized size approaches,
studies indicate that it might not be the optimal
approach to take [38]. Using the Probability-Power
Pinch  Analysis (P-PoPA) approach, [39]
developed an algorithm for sizing solar
photovoltaic, wind turbine, biomass, and batteries.
The result demonstrates that the energy storage
system's power rating and capacity are maximized
while its reliance on external energy sources is
minimized [39].

Using Artificial Intelligence Methods

The definition of artificial intelligence
given by their review article "A review on
configurations, control, and sizing methodologies
of hybrid power systems" was as follows: "Artificial
intelligence is a term that in its broadest sense
would mean the ability of a machine to perform
similar kinds of functions that characterize human
thought" [40].

COMPARISON OF
TECHNIQUES

The simplicity and speed of traditional
methods render them limited in terms of
performance and analysis [41]. The artificial
intelligence methodology can get over this
challenge since it uses a multi-objective function
to handle complex problems. This problem can be
solved using an iterative approach when this
method is based on a simple algorithm using the
recursive process to achieve the best size system,
but the disadvantage of this approach is that it
ignores some crucial parameters. Based on a
simple numerical model, the analytical method
sizes hybrid systems quickly with low flexibility
[42]. Artificial intelligence is the best option for all
complex procedures, without limitations and with
good outcomes when compared to other ways.
The most challenging aspect of this topic is the

SEVERAL  SIZE

complexity codes utilized in this algorithm
promising areas, while exploitation focuses on
refining the current best solution. [48], [51].

UTILIZING HYBRID RENEWABLE ENERGY
SYSTEMS IN MICROGRIDS THROUGH
OPTIMIZATION

Optimization methods have become
crucial in designing and managing hybrid
renewable energy systems in microgrids [36]. As
the demand for clean and sustainable energy
sources continues to rise, microgrids, which are
localized grids that can operate independently or
in conjunction with the main power grid, have
gained significant attention [43]. These microgrids
often integrate multiple renewable energy
sources, such as solar, wind, and hydro, along
with energy storage systems and conventional
energy sources to ensure a stable and reliable
power supply [44]. Hybrid renewable energy
systems in microgrids present unique challenges
due to the intermittent nature of renewable energy
sources and varying energy demands. To
maximize the utilization of renewable energy and
optimize the system's performance, various
optimization methods are employed [45]. These
methods leverage mathematical algorithms and
models to determine the optimal configuration,
sizing, and operation strategies of the different
components within the microgrid [46], [47].

Optimization Methodologies

As described by ref [25] Metaheuristic
algorithms are problem-solving techniques that
guide the search for optimal or near-optimal
solutions by iteratively exploring the solution
space. They are not problem-specific and can be
applied to a wide range of optimization problems.
Metaheuristic algorithms strike a balance between
exploration and exploitation. Exploration refers to
searching a wide range of solutions to discover
new promising areas, while exploitation focuses
on refining the current best solution. [48], [51].

Using Classical methods

Classical methods of optimization refer
to a set of established and widely used techniques
for solving optimization problems in mathematics,
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engineering, economics, and other fields [29].
These methods rely on mathematical principles
and algorithms to find the best possible solution to
a given problem [29]. According to [52], the
classical approach is a method that employs
differential calculation to arrive at the best possible
outcome. These strategies were rarely used by
researchers because of their constrained spatial
optimization. The linear programming model
(LPM) [8], mixed integer linear programming
(MILP) [53], dynamic programming (DP) [54], and
nonlinear programming (NLP) are a few examples
of classical optimization methods [55].

Using Artificial methods

Artificial methods refer to techniques or
approaches that are designed and implemented
by humans to achieve a specific goal or outcome
[29]. In various fields, artificial methods have been
developed and applied to advance scientific
research, improve efficiency, and address
challenges in areas such as medicine,
engineering, computer science, and
environmental science. Here are some examples
of artificial methods in different domains: Artificial
Intelligence (Al) [56]. Machine learning, a subset
of Al, enables computers to learn from data and
make predictions or decisions without explicit
programming [29]. Deep learning, a type of
machine learning, uses neural networks with
multiple layers to process complex information,
such as images or natural language [57]. The
ongoing advancements in technology and human
ingenuity continue to drive the development of
new and innovative artificial methods, expanding
the possibilities for scientific discovery, problem-
solving, and human progress [58].

1. Using Genetic algorithm

The term "genetic algorithm" is now
used to refer to things that have little to do with
John Holland, the man who invented it. A hybrid
system including a solar generator, wind turbine,
diesel generator, and storage system (battery) for
Senegal's remote locations was designed and
optimized by [59] using a genetic algorithm. There
are two goals for this study: economic and
environmental. Getting the system's levelized cost

as low as possible is the primary goal, and cutting
carbon dioxide emissions is the second. Genetic
algorithms have been successfully applied in
various fields, including optimization, machine
learning, scheduling, and design problems [57]. A
genetic algorithm is a computational optimization
technique inspired by the process of natural
selection and evolution [60], [61].

2. Fuzzy logic

Fuzzy logic is a mathematical
framework that deals with uncertainty and
imprecision in decision-making and reasoning. It
is a form of logic that allows for the representation
and manipulation of vague or ambiguous
information [4]. Fuzzy logic is a branch of much-
valued logic that deals with reality [24]; [28].
Leonora in [28] defined fuzzy logic in a modest
sentence and inscribed: “Fuzzy logic deals with
realism and it is a form of much-cherished logic”
[26], [62].

3. Particle swarm optimization

Optimizing swarms of particles (PSO):-
In this method, each particle (or animal)
represents a potential solution in a three-
dimensional space with continuously changing
positions and speeds [55], [63]. The method
depends on the movement of fish or birds. A
hybrid system based on solar and concentrator
solar photovoltaic with battery was optimized by
[64] using this algorithm in conjunction with a
genetic algorithm. When compared to other
systems and strategies, the obtained results
demonstrate optimization in both technical
parameters. PSO involves simulating a swarm of
particles in a multi-dimensional search space [58].
Overall, PSO is a versatle and effective
optimization technique that mimics the collective
behavior of swarms. It offers a balance between
exploration and exploitation, making it a popular
choice for various optimization problems.

4. Pelican Optimization Algorithm (POA)
The Pelican Optimization Algorithm
(POA) is a metaheuristic optimization algorithm
inspired by the behavior of pelicans, specifically
their foraging and hunting strategies. It was
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developed to solve complex optimization
problems across various domains. The algorithm
mimics the social behavior and movement
patterns of pelicans to efficiently explore the
search space and find optimal or near-optimal
solutions.

Here are some key details about the
Pelican Optimization Algorithm:

1. Foraging Behavior: Pelicans are known
for their cooperative foraging behavior.
They work together to encircle and
capture fish in a group. Similarly, in the
Pelican  Optimization  Algorithm, a
population of solutions (pelicans)
collaboratively searches for the best
solution.

2. Movement and Exploration: Pelicans
exhibit a combination of short and long-
range movements during their foraging
process. These movements enable
them to explore new areas while
exploiting the regions with a higher
probability of finding food. The POA
utilizes a similar mechanism by
employing both  exploration and
exploitation strategies to navigate the
search space effectively.

3. Pelican Positions: In the algorithm, the
positions of the pelicans represent
potential solutions to the optimization
problem. Each pelican's position is a
vector of decision variables that encode
a particular solution.

4. Fitness Evaluation: The fitness of each
pelican is determined by evaluating its
position in the problem's objective
function. The objective  function
represents the optimization criterion or
goal that needs to be maximized or
minimized.

5. Communication and Collaboration:
Pelicans communicate and collaborate
to improve their foraging success.
Likewise, the Pelican Optimization
Algorithm incorporates a mechanism for
information exchange between
pelicans. This helps in sharing

promising solutions and facilitates
global exploration of the search space.

6. Reproduction and Selection: Pelicans
reproduce based on their foraging
success, where the more successful
individuals have a higher chance of
passing their genetic material to the next
generation. In  the POA, the
reproduction process involves selecting
the fittest pelicans and generating new
solutions through variation operators
like mutation and crossover.

7. lterative  Process: The  Pelican
Optimization ~ Algorithm iteratively
updates the positions of the pelicans
across multiple generations. With each
iteration, the algorithm refines the
solutions and strives to improve the
overall fitness of the population.

8. Convergence and Termination: The
algorithm aims to converge towards an
optimal or near-optimal solution as the
iterations progress. The termination
criterion can be based on a maximum
number of iterations, a threshold value
for the fitness function, or a combination
of both.

9. Applications: The Pelican Optimization
Algorithm can be applied to a wide
range of optimization problems,
including engineering design,
scheduling, data clustering, image
processing, and more. It has shown
promising results in various domains
due to its ability to efficiently explore
complex search spaces.

Hybrid Techniques

According to Arabi Nowdeh et al. [65], a
hybrid method is any algorithm that combines two
or more other algorithms to overcome the
limitations of a single algorithm. Hybrid methods
have emerged as a ground-breaking approach in
various fields, combining the strengths of different
techniques or methodologies to address complex
problems and unlock new possibilities. By
integrating  diverse  elements, such as
technologies, theories, or strategies, hybrid
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methods have shown immense potential in
enhancing efficiency, improving outcomes, and
fostering innovation [66]. This essay explores the
concept of hybrid methods, their applications
across domains, and the benefits they offer to
solve challenges that require a multidimensional
approach [37]. Numerous hybrid methods have
been created in recent years to optimize hybrid
systems, such as simulated Annealing and
Chaotic Search (SA-CS) [67], chaotic search-
harmony search-simulated annealing (CSHSSA),
enhanced harmony search-based chaotic
simulated annealing (IHSCSA), and harmony
search-based simulated annealing (HSSA).
Additionally, there are combinations of genetic
algorithms and particle swarm optimization
(GAPSO) [68], multi-objective crow search
algorithm (MOCSA), [69], Monte Carlo simulation
and multi-energy-balance/financial equations [70],
and others.

A hybrid method is every method
combining two or more algorithms, that allows

exploiting the advantages of these methods to
overcome single algorithm drawbacks [65]. In
genetic algorithm and particle swarm optimization
(GAPSO0), multi-objective crow search algorithm
(MOCSA), Cluster Technique of Data Handling
neural network and modified fruit fly optimization
algorithm  (GMDHM-  FOA), and several
supplementary hybrid methods. Hybrid methods
have emerged as a powerful approach in diverse
domains, offering a pathway to improved
outcomes and innovation.

Table 4.1 showing the optimization
techniques used in the analysis of Control and
Sizing of Microgrids. The table identified and
categorized the relevant optimization techniques
discussed in the context of microgrids. Table 4.1
categorizes and describes various optimization
techniques and their applications in the context of
microgrids

Table 4.1: common optimization techniques typically used in microgrid control and sizing studies ], [8], [9]:

Optimization Description Application in Microgrids
Technique
Linear A method to achieve the best Used for cost minimization, scheduling, and

Programming (LP)  outcome in a mathematical model resource allocation in microgrids.

with linear relationships.
Non-Linear

Optimization where some constraints  Applied to handle non-linearities in power

Programming (NLP) or the objective function are non- flow and renewable integration in

linear.
Mixed-Integer
Programming (MIP)  in optimization problems.

microgrids.

Combines integer and real variables  Useful for unit commitment and economic

dispatch problems in microgrids.

Dynamic Breaks down problems into simpler Employed for energy management and

Programming (DP)  sub-problems and solves

recursively.

them storage optimization in microgrids.

Stochastic Optimization  under  uncertainty, Manages uncertainties in load demand and
Programming accounting for various scenarios and  renewable energy generation in microgrids.
probabilities.
Robust Deals with optimization problems Ensures reliable operation of microgrids
Optimization under uncertain  but bounded under uncertain conditions.
parameters.

Heuristic Methods

Problem-solving approaches using Includes genetic algorithms, particle swarm

practical methods not guaranteed to  optimization, used for complex microgrid

be optimal.

optimization problems.
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Optimization Description Application in Microgrids

Technique

Multi-Objective Optimization involving more than one  Balances  trade-offs  between  cost,

Optimization objective function. reliability, and environmental impact in
microgrids.

Game Theory Mathematical study of strategic Applied to distributed energy resource

interaction among rational decision-

makers.
Artificial Intelligence
(Al) learning for optimization.

Use of algorithms and machine

management and pricing strategies in
microgrids.
Enhances predictive control, demand
forecasting, and real-time optimization in
microgrids.

COMPARISON BETWEEN OPTIMIZATION
METHODS: UNVEILING THE PATH TO
EFFICIENCY

Optimization methods play a crucial role
in  numerous fields, offering systematic
approaches to finding optimal solutions for
complex problems [72]. However, the selection of
an appropriate optimization method depends on
various factors such as problem characteristics,
computational resources, and desired outcomes
[73]. This essay aims to compare and contrast
different optimization methods, shedding light on
their strengths, limitations, and application
domains. By understanding the nuances of each
method, practitoners can make informed
decisions and employ the most suitable approach
for their specific optimization needs [7].

High performance, the ability to solve
complicated problems, and the usage of multi-

objective functions are all characteristics of
optimization methods [45]. The most prevalent
drawbacks of all optimization methods are their
complexity and length of time. The most effective
strategy for economic optimization is the classical
approach; however, the space available for
optimization parameters is constrained [74]. Due
to the complicated procedure and codes utilized,
the artificial approach requires high hardware
performance to function. The advantages of this
method, however, include great efficiency and
speed with good accuracy. Combining traditional
and artificial methods demonstrates a way that is
fast and reliable but also requires complicated
design and is challenging to generate the proper
code. Table 4.2 condenses the Benefits and
weaknesses of the respective optimization
methods:

Table 4.2: Advantages and drawbacks of each optimization method

Method Advantages Weaknesses
v' Enable solution for multi- v Limited space optimization
Classical method objective problem v’ Linearity about variables
v' Useful for investment decision v' The method needs discrete
v" Requires less time and continuous probability
Artificial method v" Maximum efficiency level v" Complex solving process
v Good calculation accuracy v" Required long-term memory
v High convergence speed space
v’ Several changes are required.
Hybrid method v" Require less time v' Complexity in designing the
v Most robustness system.
v Quick convergence v' Extended solutions
v' Difficulty in providing code
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A. Gradient-Based Methods:

Gradient-based optimization
methods, such as gradient descent and
its variants, are widely employed in both
linear and nonlinear optimization
problems. They utilize derivative
information to iteratively update the
solution towards the direction of the
steepest descent, aiming to converge to
an optimal point. Key characteristics
and considerations include:

i.  Strengths: These methods are
computationally efficient, especially in
high-dimensional spaces. They are
well-suited  for  smooth,  convex
optimization problems and have a
strong theoretical foundation.

i Limitations: Gradient-based methods

may struggle with  non-convex
problems, as they can get trapped in
local optima. They also require the
calculation of derivatives, which may be
challenging or computationally
expensive in some cases.

B. Evolutionary Algorithms:
Evolutionary algorithms, inspired by

biological evolution, mimic the process of natural
selection to search for optimal solutions. They
operate on a population of candidate solutions and
employ mechanisms such as mutation, crossover,
and selection to iteratively improve the population
over generations. Key characteristics and
considerations include:

i. Strengths:  Evolutionary  algorithms
excel in solving complex, non-convex
optimization problems, as they explore
the solution space more extensively.
They do not require derivative
information, making them applicable to
problems with non-differentiable or
discontinuous objective functions.

i Limitations: These methods can be
computationally intensive, especially for
large-scale problems, and may require
significant  computational resources.
Convergence to optimal solutions might
be slower compared to gradient-based
methods, particularly in well-behaved,
smooth problems.

C. Simulated Annealing:
Simulated annealing is a probabilistic

optimization method that draws inspiration from
the physical process of annealing in metallurgy. It
employs a random search strategy that allows
occasional uphill movements to escape local
optima. Key characteristics and considerations
include:

i. Strengths:  Simulated annealing is
effective for problems with rugged,
multi-modal landscapes, where
traditional gradient-based methods may
struggle. It provides a balance between
exploration and exploitation, enabling
the search to escape suboptimal
solutions.

i Limitations:  The  performance of

simulated annealing is highly dependent
on the cooling schedule and the
temperature parameters. Setting these
parameters  correctly can  be
challenging, and improper choices may
lead to suboptimal results. It may also
require a larger number of function
evaluations compared to gradient-
based methods.

D. Particle Swarm Optimization:
Particle Swarm Optimization (PSO) is

an optimization technique inspired by the social
behavior of bird flocking or fish schooling. It
employs a population of particles that move
through the solution space, adjusting their
positions based on their own best-known solution
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and the collective knowledge of the swarm. Key
characteristics and considerations include:

Strengths: PSO is particularly suitable
for continuous and discrete optimization
problems with many local optima. It is
relatively simple to implement and
computationally efficient. It has shown
effectiveness in dynamic optimization
problems, where the optimum changes
over time.

Limitations: PSO can suffer from

premature convergence, where the
swarm gets stuck in suboptimal regions.
The performance may be sensitive to
parameter settings, requiring careful
tuning. It may struggle with high-
dimensional problems or those with
constraints.

Optimization methods are vital tools for

solving complex problems and finding optimal
solutions. The choice of an appropriate method
depends on the problem.

CONTROL METHODS USED IN HYBRID
RENEWABLE ENERGY SYSTEM

Hybrid renewable energy systems

combine multiple sources of renewable energy to
generate electricity efficiently and reliably [73]. To
control and optimize the operation of these
systems, various control methods are employed.
Here are some common control methods used in
hybrid renewable energy systems [33]:

1.

Power Management Control: This
control method focuses on managing
the power flow between different energy
sources, energy storage systems, and
load demand [75]. It ensures that each
energy source operates at its optimal
point and balances the power
generation and consumption in the
system. Power management control

algorithms can prioritize and allocate
power based on factors such as
availability, cost, and system efficiency
[76].

Maximum  Power Point Tracking
(MPPT): MPPT is used in systems that
involve solar photovoltaic (PV) panels
and wind turbines. It tracks the
maximum power point of each energy
source to extract the maximum available
power. MPPT algorithms adjust the
operating conditions of renewable
energy sources, such as the voltage or
rotor speed, to ensure the system
operates at the peak power output [4].
Energy Storage Control: Energy storage
systems, such as batteries, are crucial
components of hybrid renewable energy
systems. They help store excess energy
during periods of high generation and
supply it during periods of low
generation or high demand [77]. Energy
storage control methods involve
managing the charging and discharging
cycles of the storage system, optimizing
the energy flow, and maintaining the
state of charge within specified limits
[78].

Load Management Control: Load
management control focuses on
optimizing the utilization of energy in the
system by coordinating and scheduling
the operation of various loads. It aims to
match the energy demand with the
available renewable energy supply to
minimize reliance on non-renewable
sources [79]. Load management control
algorithms can prioritize and schedule
loads based on their priority, energy
requirements, and available renewable
energy resources [75].

Voltage and Frequency Control: In
hybrid renewable energy systems,
maintaining  stable voltage and
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frequency levels is essential for the
reliable operation of electrical devices.
Control methods are used to regulate
voltage and frequency by adjusting the
power output of the energy sources and
coordinating their operation [21]. These
methods ensure that the system
operates within acceptable voltage and
frequency limits under varying load
conditions [4].

6. Fault Detection and Protection: Hybrid
renewable energy systems require
robust fault detection and protection
mechanisms to prevent damage to the
system components and ensure safe
operation [80]. Control methods for fault
detection monitor various parameters,
such as voltage, current, and
temperature, to identify abnormalities or
malfunctions. Once a fault is detected,
protection mechanisms such as circuit
breakers or isolators can be activated to
isolate the faulty component and
prevent further damage [4].

These are some of the control methods
commonly used in hybrid renewable energy
systems. The specific control strategies and
algorithms employed may vary depending on the
system configuration, renewable energy sources
involved, and the desired system performance.
Continuous advancements in control technologies
aim to improve the efficiency, reliability, and
integration of renewable energy sources in hybrid
systems. Generally, the most critical parameters

that should be controlled in every hybrid system
[67] are as follows: Stability: This means the
voltage and frequency of the system.

1. Protection: observing of power flow.
2. Power balance: optimal load
distribution.

Secondary control of hybrid systems
has been categorized by certain writers, into three
main categories: centralized, distributed, and
decentralized control. The division of control
methods into two categories—classical control
and intelligent control—was also made by [4].
There are numerous control strategies for wind
turbines in the literature, including MPPT
(Maximum power point tracking) based on
practical swarm optimization (PSO), direct power
control (DPC) based voltage vector selection on
the rotor side converter, and robust sliding mode
pitch control [84].

Intelligent techniques include the neural
network algorithm, fuzzy logic controller, multi-
objective particle swarm optimization (PSO) [85],
and adaptive neuro-fuzzy inference system
(ANFIS) [85]. These techniques are considered to
be the classical methods. The majority of hybrid
systems employ distributed or hybrid controls
because these are efficient in decentralized
control, minimize system failure, and allow for the
use of various control types within a single hybrid
system.

Table 4.2: Comparison of each method used in control methods

Method of control Advantages

Drawbacks

Centralize Minimization of power costs Can
achieve global optimization.
Distributed Low possibility of system failure

Achieve low and medium use

Use a system based on one central
control

Complex connection system

Mostly suboptimal solutions
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Method of control Advantages

Drawbacks

Hybrid Local optimization is achieved
through centralized control

Low use in local controllers

Complex control

Complex potential in connection inside
the system

HYBRID RENEWABLE ENERGY SYSTEM
MANAGEMENT METHODS

Hybrid renewable energy systems
combine two or more renewable energy sources
to provide a more reliable and efficient energy
generation solution. Managing such systems
requires careful planning, integration, and control
of different energy sources. To maximize system
performance, the management of a hybrid system
ensures high system efficiency and high reliability
at the lowest possible cost to enable system
supply throughout the year [82]. It also increases
the lifetime of the elements and reduces economic

1. Technical objective strategy;
1. Economic objective strategy
2. Techno-economic strategy objective.

Technical objective strategy
The increasing complexity and

interconnectedness of modern organizations have
prompted the adoption of hybrid management
approaches, combining traditional hierarchical
structures with agile methodologies. The technical
objective strategy of hybrid management
represents a novel framework that aims to

parameters [28], [54].
Here are some management methods

commonly used for hybrid renewable energy
systems, which are classified into three types due
to objective strategy:

optimize operational efficiency, innovation, and
adaptability ~ while  leveraging  advanced
technological tools and methodologies [78].

Design Main features Advantage and drawback
constraints = Algarithm to * Medium complexity
» Power balance control power » Increase lifetime
» Baterry SOC balance : * |ncrease performance
* storage system * Battery short time * Operation and maintenance cost are
degradation * Flow chart not optimized
algorithm

Figure 4.1: Key features of technical objectives
approaches
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Design | Main features

constraints « Algorithm to

» Power balance minimize cast
 Baterry SOC

» Cost function A pricHy

* Power reference

Advantage and drawback

* Complex algorithm

* |ncrease Operation and maintenance
cost

+ Lifetime are not optimized

Figure 4.2: Main characteristics of economic objectives strategies [4]

i Economic objective strategy
Overall, the economic objective strategy

of the hybrid method of microgrids focuses on
optimizing energy costs, load balancing, energy
storage integration, demand response, grid
integration, and leveraging advanced algorithms
and control systems [72]. By combining these
elements, the hybrid method aims to ensure
efficient and economically viable operation of
microgrids while fostering a transition to a more
sustainable and resilient energy future.

i Techno-economic objective strategy

The techno-economic objective strategy
of the hybrid method of microgrids is a
comprehensive approach that aims to optimize the
technical and economic aspects of microgrid
systems [29]. It involves the integration of different
energy sources, such as renewable energy and
conventional power generation, to ensure reliable
and cost-effective electricity supply to a localized
area.

Design | Main features Advantage and
constraints » Algorithm to optinize drawback
* Power balance multiobjective function * Complex algorithm
* Baterry SOC * Power refetence * Increase Operation and
o ot Tinobon | | determination using maintenance cost
optimization algorithm
» storage system - * Increase performance

degradation

* High performance -

Figure 4.3: Main characteristics of techno-economic objectives strategies
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This approach, which incorporates
technical and economic characteristics, is based
on nonlinear optimization to solve multi-objective
functions [67]. The benefit of this method is that it
lowers economic factors like global cost while
increasing technical parameters like component
performance and lifetime [8].

Energy Management System in Microgrid

An energy management system (EMS)
plays a crucial role in optimizing the operation and
control of microgrids. As self-contained power
systems that can operate independently or in
conjunction with the main grid, microgrids require
efficient management to ensure a reliable, cost-
effective, and sustainable energy supply [7]. Few
scholars have recently attempted to review the EM
characteristics of MGs by concentrating on their
concept. Energy management (EM) is the act of
keeping track of, organizing, maximizing, and
conserving energy to create an energy-efficient
system [53].

Classification of Energy Management System
for Microgrids

An EMS in MG can be categorized
broadly into three categories based on
supervisory control, operating time platform, and
the decision-making approach used to accomplish
the effective and optimal operation of MG.

i. EMS based on supervisory control
This can be defined as the comprehensive
monitoring of the individual process processes
taking place in the system. It is also responsible
for the efficient connectivity between individual
controllers. EMS can be roughly classified into
three forms based on supervisory control:
centralized, decentralized as well and distributed.
The centralized EMS is made up of a central
controller that compiles all the required data about
DERs, loads, the electrical market, weather, etc.,
and conducts the best scheduling of MG. [53].
Decentralized EMS utilizes numerous central
controllers that interact in real-time with each other
and their LCs. Every LC submits to the central
controller a demand request for the current and
upcoming generations. Additionally, it executes

the best scheduling and relays that information to
the LC of the MG [69].

This process continues until local and
global goals are met. The third strategy distributed
EMS, eliminates the idea of centralization and is a
more sophisticated form of decentralized EMS
[28]. Each LC unit in this control strategy interacts
with the central controller and each other to
exchange local data such as voltage and
frequency [29].

Decentralized  supervisory  control
approaches refer to a set of techniques and
methodologies used in control systems to
distribute decision-making and supervisory tasks
across multiple entities or agents. These
approaches are commonly employed in complex
systems where a centralized control architecture
may not be feasible or desirable. In decentralized
supervisory control, decision-making authority is
distributed among multiple agents or subsystems.
Each agent is responsible for monitoring and
controlling a specific part of the system, while also
coordinating with other agents to achieve the
overall system objectives [11].

ii. EMS based on the operating time
platform

An Energy Management System (EMS) based on
the operating time platform is a concept related to
energy management and control in various
domains, particularly in the context of electricity
grids and power distribution systems. It involves
utilizing the operating time of energy-consuming
devices or equipment as a basis for optimizing
energy usage and improving overall system
efficiency. Here are some details about an EMS
based on the operating time platform [11].

iii. EMS based on the offline time
platform

EMS (Energy Management System)

based on the offline time platform refers to a

software or system that helps manage and

optimize energy consumption in a facility or

organization using data collected during offline

periods. Here are some details about this concept.

Overall, an EMS based on the offline time platform

is a powerful tool that leverages data collected
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during periods of inactivity or low energy demand
to drive energy efficiency and cost savings. By
analyzing energy patterns and implementing
optimization  strategies, organizations can
effectively manage their energy consumption and
contribute to a more sustainable future [53], ([37],
Additionally, the complex design of the EMS is a
result of the high level of unpredictability in RERs
and load demand [7].

FINDINGS FROM THE LITERATURE REVIEW

One prominent finding from the
literature review on the "Control and Sizing of
Microgrids" is the significant impact of renewable
energy integration on microgrid control and sizing
strategies. The increasing adoption of renewable
energy sources, such as solar photovoltaics (PV)
and wind turbines, within microgrids has
introduced both opportunities and challenges for
effective control and optimal sizing of microgrid
systems.

CONCLUSION

In conclusion, the control and sizing of
microgrids represent a critical and evolving field in
the realm of modern energy systems. This paper
has highlighted the current challenges faced in
designing and managing microgrids, discussed
various control approaches that have been
proposed and implemented to address these
challenges, and provided insights into the future
directions of this dynamic field. As the world
continues to transition towards more decentralized
and sustainable energy systems, the optimization
of microgrid control and sizing will play a pivotal
role in ensuring reliable, resilient, and
environmentally friendly power generation and
distribution. To meet the growing demand for
clean energy, it is imperative that researchers,
industry experts, and policymakers collaborate to
overcome existing obstacles and innovate new
solutions, ultimately paving the way for a more
efficient and sustainable energy future.

RECOMMENDATIONS FOR FUTURE
RESEARCH

Research on the control and sizing of
microgrids is a rapidly evolving field with

significant implications for the future of sustainable
energy systems. To contribute to the ongoing
progress in this area, here are some
recommendations for future research:

1. Integration of Renewable Energy
Sources: Investigate advanced control
strategies for the seamless integration
of various renewable energy sources
(e.g., solar, wind, hydro) into microgrids,
considering the intermittent nature of
these sources.

2. Energy Storage Optimization: Explore
optimization techniques for sizing and
controlling energy storage systems
within - microgrids.  This includes
determining the optimal type, capacity,
and placement of energy storage
devices to enhance grid stability and
reliability.

3. Demand Response Integration:
Investigate the integration of demand
response programs into  microgrid
control, enabling better coordination
between energy supply and demand
while considering the preferences and
behaviors of end-users.

4. Cybersecurity and Resilience: Focus on
enhancing the  cybersecurity  of
microgrid control systems to protect
against cyber threats and ensure the
resilience of microgrid operations in the
face of attacks or disruptions.

5. Distributed  Control  Architectures:
Explore distributed control strategies,
such as multi-agent systems and
decentralized control, to improve the
scalability and robustness of microgrid
control systems.

6. Grid-Interactive Buildings: Investigate
the role of grid-interactive buildings in
microgrids, exploring how building
energy management systems can
contrbute  to grid stabilty and
optimization.

7. Machine Learning and Al: Explore the
application of machine learning and
artificial intelligence techniques for
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10.

1.

12.

13.

14.

15.

predictive maintenance, fault detection,
and load forecasting within microgrids.
Microgrid Market Models: Develop
models and frameworks for microgrid
market  design and  operation,
considering  various  stakeholders,
pricing mechanisms, and regulatory
policies.

Multi-Energy Systems: Investigate the
integration of multiple energy carriers
(e.g., electricity, heat, gas) within
microgrids, aiming for holistic energy
management and optimization.
Environmental and Economic
Assessment. Conduct comprehensive
assessments of the environmental and
economic  impacts of  microgrid
deployment, considering factors like
greenhouse gas emissions, cost-
effectiveness, and societal benefits.
Standardization and Interoperability:
Work on establishing industry standards
and protocols to ensure the
interoperability of different microgrid
components and systems, promoting
greater adoption and integration.
Real-World Demonstrations: Conduct
field trials and real-world
demonstrations of advanced microgrid
control strategies to validate their
performance and gather practical
insights.

Community Microgrids: Investigate the
design and operation of community-
scale microgrids, considering the
unique challenges and opportunities
they present in terms of control and
sizing.

Resilience in Extreme Conditions:
Explore methods to enhance microgrid
resilience during extreme weather
events, natural disasters, and other
emergencies.

Social and Behavioral  Aspects:
Investigate the social and behavioral
aspects of microgrid adoption, including
user acceptance, community

engagement, and the impact on quality
of life.

These recommendations encompass a
wide range of research areas within the control
and sizing of microgrids, reflecting the
multidisciplinary nature of this field and its critical
importance in transitioning toward a more
sustainable and resilient energy future.
Researchers can contribute significantly to
addressing current challenges and shaping the
future of microgrid technology.
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