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Abstract

Abstract

This thesis presents a comprehensive study on the modeling, analysis, and control of hybrid
microgrid systems with a primary focus on frequency stability. The work begins with a review
of microgrid concepts, classifications, and applications, highlighting their role in reducing
emissions, improving efficiency, and providing reliable power in isolated regions. Accurate
mathematical models of renewable and conventional energy sources, as well as Plug-in Hybrid
Electric Vehicles (PHEVs) as flexible storage units, were developed to capture system
dynamics and support effective control design.

A Multi-Stage PID (MPID) controller was proposed and tuned using both conventional methods
(ZN and CDM) and advanced optimization algorithms (CSA and ACO). Results showed
significant improvements in frequency regulation compared to classical PID controllers. The
study was further extended with Type-1 and Type-2 Fuzzy Logic, which enhanced robustness
and adaptability against uncertainties and stochastic variations.

The findings confirm that frequency stability is a cornerstone for reliable microgrid operation,
especially in islanded mode where renewable energy variability is most pronounced. By
integrating advanced control strategies and flexible storage such as PHEVs, hybrid microgrids
can achieve higher resilience, flexibility, and sustainability. The proposed framework offers
valuable insights for researchers, engineers, and policymakers in developing efficient, clean,
and decentralized energy systems that meet growing global electricity demands while
supporting long-term energy security and environmental goals.

Keywords

Microgrid - Frequency Stability- Multi-Stage PID (MPID) Controller -Fuzzy Logic (Type-1 &
Type-2) - Optimization Algorithms (CSA, ACO) -Ziegler—Nichols (ZN) Method - Coefficient
Diagram Method (CDM) - Plug-in Hybrid Electric Vehicles (PHEVs)- Renewable Energy
source - Robust Control
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List of abbreviations

1PD-3DOF-PID  Three-Degree-Of-Freedom PID Controller

ACO
CERTS
CSA
DEG
DSM
ESS
EV
FOPID
GA
GWA
HEV
IBFOA
ITAE
KHA
LFC
MESS
MF
MG
MPC
MPID
MPPT
PD
PFC
PHEV
PI

PID
PSO
PV

SFC
SOC
TI1-FL
T2-FL
V2G
WTG
AC
DC
DG
DER
PCC
CSP
HAWT

Ant Colony Optimization
Consortium For Electric Reliability Technology Solutions
Cuckoo Search Algorithm
Diesel Engine Generator
Demand Side Management
Energy Storage Systems

Electric Vehicles
Fractional-Order Proportional Integral Derivative
Genetic Algorithm

Grey Wolf Optimization

Hybrid Electric Vehicles
Improved Bacterial Optimization Algorithm
Integral Time Absolute Error
Krill Herd Algorithm

Load Frequency Control

Mobile Energy Storage Systems
Membership Functions
Microgrid

Model Predictive Controller
Multistage Proportional-Integral-Derivative (MPID)
Maximum Power Point Tracking
Proportional Derivative

Primary Frequency Control
Plug-In Hybrid Electric Vehicles
Proportional Integral
Proportional Integral Derivative
Particle Swarm Optimization
Photovoltaic

Renewable Energy Source
Secondary Frequency Control
State Of Charge

Type 1 Fuzzy Logic

Type 2 Fuzzy Logic
Vehicle-To-Grid

Wind Turbine Generator
Alternating Current

Direct Current

Distributed Generation
Distributed Energy Resources
Point of Common Coupling
Concentrated Solar Power
Horizontal Axis Wind Turbines
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Nomenclature

FES Flywheel Energy Storage

BEV Battery Electric Vehicles

HEV Hybrid Electric Vehicles

BMS Battery Management Systems

EMS Energie Management Systems

EVB Electric Vehicle Batteries

VSI Voltage Source Inverter

AVR Automatic Voltage Regulator

ZN Ziegler Nichols Method

CDM Coefticient Diagram Method

ACO Ant Colony Optimization

Liset of symbols

Af Frequency variations

APL Load changes

APpy Solar power variation

APwtr Wind power variation

APpEG Diesel power variation

APpHEV Change in output power provided to support the grid
D Damping coefficient

Ipn Current generated by solar irradiation,

Ip diode current

Ish leakage current through the shunt resistance.

B temperature coefficient

NOCT Nominal operating cell temperature

Apv Total area of the PV panels

n Considered approximately constant,

Lo Solar irradiance at the steady operating point.

Al; Small increase or decrease in irradiance around that point
Ppvo Power produced at the steady operating point

p Air density

Cp Coefficient of power defined by the Betz limit

® The angular velocity of the shaft

B The pitch angle of the blade

Ngenerator The efficiency of the generator

Neonverter The efficiency of the power converters

AVy The instantaneous change in wind speed

KEVinax The maximum value that the participation factor can reach
Ngv The number of vehicles participating

AUc The centralized control signal generated by the controller
Y The droop coefficient that smooths the system's response
M Equivalent inertia constant of the hybrid power system.
Ps Total average power generation.

Pt Net average power of WTGs or PV to the system.

K Gain.

T Time constant.
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1. Context and Motivation of the Study

The world is currently witnessing a steady increase in electricity demand due to
population growth and rapid technological development. This has exerted significant pressure
on fossil resources, which are gradually depleting, in addition to their negative environmental
impacts such as greenhouse gas emissions, global warming, and climate change. These
challenges have driven the search for sustainable and efficient alternatives to conventional
energy systems, with microgrids (MGs) emerging as one of the most prominent solutions. MGs
are based on the principle of decentralized electricity generation through the integration of
renewable energy sources (RESs) such as solar, wind, and hydropower with storage units and
supporting conventional sources such as diesel generators and Plug-in Hybrid Electric Vehicles
(PHEV) [1-2].

Microgrids have proven to be a practical solution for supplying energy to remote and
islanded areas where extending conventional grids is either difficult or costly. They can operate
in both grid-connected and islanded modes, offering strategic advantages in reducing
transmission and distribution losses, enhancing reliability and flexibility, and contributing to
emission reduction and sustainability targets [3]. Since the introduction of the microgrid
concept in 1998 by CERTS, this field has become a central focus of modern power system
research, particularly with continuous improvements in storage technologies and the decreasing
cost of renewable energies, which have accelerated their worldwide deployment [4].

According to the International Renewable Energy Agency (IRENA), renewable energy
production capacity is expected to increase globally by more than 85% by 2024, with China
and the United States leading the transition, while developing countries such as India are
projected to become the third-largest market, installing over 100 GW of solar and wind power.
India alone has deployed more than 10,000 solar microgrids to provide electricity to rural
communities that are not connected to the national grid. In Sub-Saharan Africa, MGs have
contributed to reducing grid fluctuations and supporting positive energy growth, while in Puerto
Rico, they were deployed after Hurricane Maria to ensure reliable, decentralized energy systems
in the absence of a stable main grid [5].

Despite these advantages, microgrids face major technical challenges, most notably
frequency stability. Their heavy reliance on intermittent renewable sources such as solar and
wind power highly dependent on stochastic meteorological conditions often leads to
fluctuations in generation that may not match load variations. This mismatch produces
frequency deviations that can negatively affect power quality and system stability, and in
extreme cases, may lead to total system collapse if not effectively mitigated. The challenge is
further compounded by the fact that MGs have significantly lower inertia compared to
conventional power systems, making frequency regulation more difficult. Consequently,
researchers have extensively focused on developing both conventional and advanced control
strategies, often enhanced with optimization algorithms, to reduce frequency deviations and
ensure stable MG operation, particularly in islanded mode [6].

To address this challenge, various control strategies have been developed. While the
conventional PID controller is characterized by its simplicity and ease of implementation, its
performance becomes limited when dealing with nonlinear and uncertain operating conditions.
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Therefore, more advanced approaches have been proposed, such as the Multi-Stage PID
(MPID) controller, in addition to fuzzy logic techniques (Type-1 and Type-2), which provide
greater flexibility in handling uncertainties. Furthermore, artificial intelligence and
metaheuristic optimization algorithms including Coefficient Diagram Method (CDM), Ziegler—
Nichols (ZN) tuning method, Clonal Selection Algorithm (CSA), and Ant Colony Optimization
(ACO) have been employed to enhance parameter tuning and improve the efficiency of control
system performance.

2. Key Research Gaps

Despite the large body of research published in the field of microgrids, several research gaps
still remain, the most prominent of which are:

v Frequency stability under the intermittent nature of renewable energy sources: The
problem of severe fluctuations caused by solar and wind power still persists and has not
been effectively addressed through conventional controllers.

v Limitations of the classical PID controller: Its performance remains restricted when
dealing with nonlinearity, uncertainties, and sudden large disturbances associated with
renewable energy sources.

v Lack of advanced comparative studies: While some research has investigated advanced
controllers such as MPID and fuzzy logic techniques of type-1 and type-2,
comprehensive comparisons under realistic microgrid scenarios are still scarce,
especially in terms of their integration.

v' Integration of Plug-in Hybrid Electric Vehicles (PHEVs): Their role has not been
sufficiently explored as mobile storage units within hybrid systems incorporating
batteries and other storage units, despite their potential to provide additional flexibility
in energy balancing.

3. Research Contributions

This thesis provides several key contributions in the tield of microgrid frequency control,
which can be summarized as follows:

1. Hybrid microgrid modeling: Development of accurate models for a hybrid microgrid
that integrates renewable energy sources (solar PV and wind), conventional backup
sources (diesel generator), and multiple storage units (batteries and plug-in hybrid
electric vehicles — PHEVSs), enabling realistic performance evaluation and frequency
stability analysis.

2. Controller parameter tuning strategies: Application and comparative evaluation of
both classical methods (Ziegler—Nichols (ZN), Coefficient Diagram Method (CDM))
and metaheuristic optimization algorithms (Cuckoo Search Algorithm (CSA), Ant
Colony Optimization (ACO)) for controller parameter tuning.

3. Advanced controller evaluation: Comprehensive performance assessment of
conventional PID, multistage PID (MPID), and fuzzy logic controllers (type-1 and
type-2), highlighting their effectiveness in mitigating frequency fluctuations under
different microgrid operating conditions.
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4. Integration of PHEVs: Novel investigation of plug-in hybrid electric vehicles (PHEVs)
as mobile storage units, analyzing their impact on enhancing flexibility and improving
frequency stability in hybrid microgrids.

4. Thesis Layout

This thesis is organized into four main chapters, each addressing a key aspect of microgrid
modeling, control, and performance enhancement:

Chapter I: Overview of Microgrids: Principles, Architecture, and Applications:

This chapter introduces the concept of microgrids, highlighting their historical development,
fundamental principles, and structural architecture. It discusses the main components,
classifications, and available energy sources, with emphasis on their role in providing reliable
power in remote and desert areas. The chapter also explores the benefits, challenges, and real-
world applications of microgrids, along with their future potential in sustainable energy
systems.

Chapter I1: Modeling of Microgrid with Electric Vehicles:

This chapter presents detailed modeling of the main components of the proposed
microgrid, including renewable energy sources such as photovoltaic (PV) panels and wind
turbine generators (WTG), in addition to auxiliary units like diesel generators and fuel cells.
Special attention is given to the modeling of electric vehicle batteries as energy storage units,
given their crucial role in balancing energy supply and demand. The chapter establishes the
foundation for performance analysis under various operating conditions, while addressing the
intermittent nature of renewable energy sources.

Chapter III: Frequency Stabilization of Microgrid Using Multi-Stage PID Controller and
Optimization Techniques:

This chapter focuses on the challenge of frequency fluctuations caused by sudden
changes in load demand or renewable generation. The Multi-Stage PID (MPID) controller is
first introduced and tuned using classical approaches such as Ziegler—Nichols (ZN) and the
Coefficient Diagram Method (CDM). To further improve dynamic performance, intelligent
optimization techniques including the Cuckoo Search Algorithm (CSA) and Ant Colony
Optimization (ACO) are applied. A comparative study between the conventional PID and
MPID controllers is conducted under various disturbances, with frequency deviation responses
analyzed and discussed.

Chapter IV: Enhancing MG Performance Using MPID Controller Tuned with Type-2 Fuzzy
Logic:

This chapter investigates the use of advanced fuzzy logic techniques to improve
frequency stability in islanded microgrids. The Multistage PID (MPID) controller is enhanced
through tuning with Type-1 Fuzzy Logic (T1-FL) and Type-2 Fuzzy Logic (T2-FL), and its
performance is compared with the conventional PID controller. While T1-FL provides an
efficient tuning mechanism, T2-FL. demonstrates superior capability in handling uncertainties
and stochastic behavior of renewable energy sources. The simulation results highlight the
strengths and limitations of each approach, with in-depth discussion of their practical
implications for improving the reliability and efficiency of future microgrid systems.
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Figure 1 presents a schematic overview and structural framework of the paper.
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Figure 1: Schematic overview and structural framework of the paper.

UHBC 2025 Page 5



CHAPTER 1 .

OVERVIEW OF
MICROGRIDS
PRINCIPLES,
ARCHITECTURE
AND APPLICATIONS



Chapter I Overview of Microgrids: Principles, Architecture and Applications

I.1. Introduction

With the growing global demand for electrical energy and the continuous depletion of
fossil fuel resources alongside their harmful environmental impacts it has become essential to
develop alternative energy systems that ensure sustainability and efficiency. Among the most
promising innovations in this field is the microgrid system, which offers a decentralized
approach to electricity generation by integrating renewable energy sources with advanced
control and management technologies. Microgrids have gained particular importance in
supplying remote and desert areas, where traditional grid extension is either costly or
impractical. By enabling local energy production and ensuring supply continuity, microgrids
represent a flexible and reliable solution.

This chapter provides a comprehensive introduction to microgrids, starting with their
historical development, followed by an in-depth look at their main components, classifications,
and available energy sources. It will also explore the benefits of microgrids, the technical and
regulatory challenges they face, and their real-world applications. Finally, the chapter will offer
a glimpse into the future potential of microgrids as a cornerstone of sustainable energy systems.

I.2. The Need for Microgrid Systems

With the growing global demand for reliable, sustainable, and flexible energy sources,
microgrid systems have emerged as a vital solution to modern energy challenges. Traditional
centralized power systems face limitations such as transmission losses, vulnerability to natural
disasters, and difficulties in integrating renewable energy sources [7]. In contrast, microgrid
systems offer decentralized power generation, enabling communities and facilities to operate
either independently or in coordination with the main grid. These systems enhance energy
security, reduce reliance on fossil fuels, and facilitate the integration of renewable sources such
as solar and wind power. Additionally, they present a practical and cost-effective solution for
remote or underserved areas lacking access to national electricity grids [8]. As a result, the
demand for microgrid systems is rapidly increasing to meet the evolving needs for clean,
reliable, and efficient energy. Energy. This growing interest is driving innovation in microgrid
technology, leading to advancements in energy storage, management systems, and smart grid
capabilities that further improve efficiency and adaptability. As communities and industries
seek to achieve sustainability goals, microgrids are poised to have a major influence on the
future of energy distribution [9].

I.3. Overview of microgrid

A microgrid is a smart, local, and self-sufficient energy system that integrates renewable
energy sources such as solar panels and wind turbines, along with small-scale generators and
energy storage systems like batteries. One of its key features is its dual-mode operation,
allowing it to function either in connection with the main utility grid or independently in island
mode during faults or emergencies [10]. This flexibility enables efficient energy distribution
and demand management at the local level, reduces transmission losses, and enhances overall
system reliability. The entire system is coordinated by a central controller, which manages the
balance between generation and consumption and ensures optimal power distribution in real-
time. Figure 1.1 illustrates the basic structure of a microgrid, showing the interaction between
its key components such as solar PV, wind turbines, batteries, critical loads, backup generators,
and the main grid operating under the supervision of a centralized microgrid controller that
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governs both grid connected and islanded modes. Microgrids represent a promising solution for
achieving energy security, sustainability, and a smooth transition toward decentralized smart
power networks [11].

-----
-----

Microgrid can
operate in
“island mode”

Figure I.1: The simplified schematic model of the Microgrid.

1.4. History

The concept of microgrids originated in 1882 with the establishment of the Pearl Street
Station by Thomas Edison in New York City like the figure I1.2. At the time, buildings were
supplied with direct current (DC) electricity from a nearby power plant. However, with the
advent of alternating current (AC), these localized systems were gradually replaced by
centralized power grids. Despite this shift, microgrids continued to be used throughout the 20th
century in remote areas, islands, and military bases in countries such as Canada, Russia, and
Australia [12].

Figure I1.2: Early Power Stations the Historical Roots of Microgrid

In the 1990s, renewed interest in microgrids emerged due to growing concerns about
climate change and energy security. Countries like Germany and Japan began developing
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microgrid systems based on renewable energy sources. In 2001, Professor R.H. Lasseter of the
University of Wisconsin Madison reintroduced the modern concept of the microgrid, which
was soon adopted and further developed by the Consortium for Electric Reliability Technology
Solutions (CERTS) and the European Commission [13].

In 2002, the National Technical University of Athens (NTUA) launched a small
laboratory microgrid for testing distributed resource (DR) control using multi-agent systems.
In 2003, the University of Wisconsin built an 80 kV A laboratory microgrid, and another 480 V
system was installed in Columbus, Ohio, to test the dynamic performance of microgrid
components.

Between 2004 and 2006, several pilot projects were established globally, including the
Sendai, Shimizu, and Tokyo Gas microgrids in Japan; the Labein microgrid in Spain; systems
at Sandia National Laboratories and Palmdale in the U.S.; and the Mannheim project in
Germany. During the same period, Italy’s CESI RICERCA facility in Milan and the Control
and Power Research Center at Imperial College London were also launched [13].

In 2006, China began integrating microgrids into its national R&D programs, including
the 863 and 973 initiatives. Tsinghua University established a research microgrid incorporating
distributed generation (DG), energy storage (ES), and loads. In 2008, Tianjin University
focused on optimizing the dispatch of energy resources, while Hefei University of Technology
concentrated on control strategies and energy management.

In 2010, China’s State Grid Corporation China (SGCC) launched demonstration
projects in Zhengzhou and Xi’an, integrating photovoltaic (PV) generation with energy storage.
Additionally, the China Southern Power Grid Company built a combined cooling and power
(CCP) microgrid demonstration in Foshan under the 863 Program. In 2011, the resilience of the
Sendai microgrid was proven during the Great East Japan Earthquake, highlighting the
importance of microgrids in disaster response and recovery [14].

Throughout the 2010s, rapid technological advancements enabled the integration of
microgrids with smart grids, artificial intelligence, and advanced control systems. These
developments facilitated rural electrification, grid flexibility, and energy autonomy. By 2020,
decarbonization goals and renewable energy adoption made microgrids an essential component
of national energy strategies in countries such as India, Australia, and Kenya. The COVID-19
pandemic further emphasized the role of autonomous microgrids in powering critical
infrastructure like hospitals and emergency response centers. By 2022, microgrids began to
incorporate electric vehicle (EV) smart charging and green hydrogen as emerging energy
vectors. As of 2024, microgrids have become central to global energy transition strategies,
enhanced by Al-driven predictive control, Internet of Things (IoT) technologies, and real-time
optimization. These innovations have enabled microgrids to dynamically respond to
fluctuations in demand and generation, supporting sustainability, reliability, and local energy
independence [15-16].

I.5. The current state of microgrids worldwide

The global energy sector has witnessed significant transformations in recent years amid
environmental challenges and increasing demand for electricity, prompting many countries to
adopt microgrid technologies as an innovative and effective solution. According to a report
issued by Navigant Research in 2023, more than 4,500 microgrid projects have been
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implemented worldwide [17]. The Asia-Pacific region leads in terms of installed capacity,
followed by North America, and then the Middle East and Africa.

L.5.1. USA

The United States is considered the birthplace of the microgrid concept, which first
emerged through the Consortium for Electric Reliability Technology Solutions (CERTS).
According to the Center for Climate and Energy Solutions, there are approximately 160
microgrid projects across the country, spread across states such as Alaska, Texas, New York,
and California. One of the most notable examples is the Santa Rita Jail facility in California,
which established an integrated microgrid relying on solar power, wind energy, and fuel cells
following the energy crisis the state experienced in 2001 [17].

1.5.2. India

India is also one of the countries that have adopted microgrids as a means to provide
electricity to rural and remote areas. According to reports from the Swiss company Hive Power,
India hosts around 160 microgrid systems distributed across four states, with more than 80% of
them relying on solar energy as the primary source. These projects reflect the government's
efforts to promote sustainability and achieve energy equity in areas not served by traditional
power grids [18].

1.5.3. Australia

The town of Heyfield in the state of Victoria serves as a promising model for
implementing microgrids in small towns located on the outskirts of the grid. The My Town
Microgrid Heyfield project is developing a flexible and sustainable energy system, funded by
both the federal and state governments, with the goal of replicating the experience in similar
towns across the country. Australia places particular emphasis on integrating renewable energy
sources such as solar power and batteries into these systems [19].

1.5.4. Japan

Facing scarce natural resources and heavy reliance on energy imports, Japan gave early
attention to microgrid technologies to reduce dependence on fossil fuels and achieve energy
security. The Japanese model is distinguished by expanding the definition of microgrids to
include traditional autonomous power systems, representing an extension of the American
CERTS concept. One of Japan’s notable contributions is the FRIENDS concept (Flexible and
Intelligent Energy Delivery Network System), which relies on FACTS technologies in
distribution networks to enhance flexibility and response speed. Additionally, the New Energy
and Industrial Technology Development Organization (NEDO) has played a pivotal role in
coordinating research and projects among universities, companies, and national laboratories
[20].

L.5.5. European Union

The European Union has adopted a clear policy to promote microgrids within a broader
framework for the transition to smart grids. The European Commission launched the Smart
Power Networks program in 2005, with its strategies being implemented starting in 2006,
focusing on integrating Distributed Energy Resources (DER), smart technologies, and power
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electronics for control. The European model is characterized by a mix of centralized and
decentralized control, providing high-etficiency communication mechanisms such as CAN bus
between digital protection units. Key contributors to the development of the European model
include ABB, Fraunhofer IWES, the University of Manchester, and NTUA (Greece). This
approach is considered a fundamental step toward the widespread integration of renewable
energy sources into the European grid [21].

1.5.6. Africa

In several African countries such as Kenya, Nigeria, and Tanzania, microgrids have
become a key tool in efforts to expand electricity access, especially in rural areas lacking
national grid coverage. Startups like Power Gen and Mini Grid Africa play a prominent role in
implementing projects that rely on low-cost solar energy. These models are characterized by
operational simplicity and dependence on batteries to provide power throughout the day.
Additionally, these projects receive support from international organizations such as UNDP and
USAID, reflecting the developmental aspect of microgrid technologies in the developing world
[22].

These two figures [.3 and 1.4 show the overall distribution and development of microgrid
systems worldwide. The map indicates that North America and parts of Europe currently serve
as major hubs for these systems, reflecting North America's dominance in the largest share of
microgrid capacity in terms of electrical power and investment over the past decade [23]. In
contrast, the charts demonstrate significant and expected growth in both installed capacity and
expenditure on this technology, reflecting a global trend towards increasing adoption of
microgrids. The increase in investments is especially notable in the Asia-Pacific region, the
Middle East, and Africa, underscoring the growing importance of decentralized and flexible
energy solutions to address future challenges.
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Figure 1.3: Global Microgrid Capacity Growth and Projected Total Spending
by region (2020-2029)
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Figure 1.4: The Top 10 Microgrid Trends 2023
1.6. Applications of Microgrids in Various Sectors

Microgrid systems are widely adopted across various sectors due to their ability to
provide stable and reliable energy from local and renewable sources. In commercial and
industrial settings, microgrids help reduce energy costs and enhance operational efficiency.
They are commonly used in retail stores, call centers, carpentry workshops, small factories, and
agricultural water pumping systems. In educational institutions such as universities and schools,
microgrids facilitate the use of renewable energy to power entire campuses, thereby improving
the sustainability of these facilities and reducing their carbon emissions. In remote areas that
are not connected to the national power grid, microgrids offer an ideal solution for supplying
independent electricity and reducing dependence on costly and polluting diesel generators. In
critical infrastructure such as hospitals, military camps, and emergency centers as shown in
Figure 1.5, microgrids provide secure and sustainable energy, ensuring the continuity of
essential services even during widespread power outages, thanks to their ability to operate in
islanded mode. Thus, microgrids serve as flexible and integrated solutions to meet energy
demands in a wide range of environments and applications.
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Figure 1.5: Microgrid Applications (a) Military Base, (b) Hospital,
(c) Remote Island, (d) Ship

I.7. Energy Mix Analysis in Isolated Microgrid Systems

Figure 1.6 illustrates the energy mix used in 5,554 operational isolated microgrid
projects as of March 2024 (Bloomberg NEF, 2024). Approximately 63% of the identified
projects rely on solar energy. In the figure, “solar microgrids™ refer to systems powered
exclusively by solar energy, while “solar hybrid microgrids” combine solar with at least one
other source such as diesel, hydroelectric, or wind. Photovoltaic (PV) systems, which directly
convert solar radiation into electricity, are the primary technology for solar-based electricity
generation (IRENA, 2024). By 2024, the total installed PV capacity in Africa exceeded 13 GW,
showing a significant increase from previous years (IRENA, 2024) [24].

Wind energy offers great potential in Africa, especially in the eastern, northern, and
southern regions. However, its contribution to isolated microgrid systems remains limited.
According to IRENA data (2024), onshore wind capacity in Africa surpassed 7 GW, although
most of it is grid-connected, with few projects serving remote, off-grid communities. Small
scale hydropower plants are well-suited for electrifying isolated areas. As of 2024, the
cumulative installed capacity of such plants (under 10 MW) in Africa reached over 600 MW
(IRENA, 2024). These installations typically divert river flows upstream of a dam to drive small
hydro turbines [25].

Hydrokinetic turbines, which utilize the kinetic energy of river or tidal currents, should
not be confused with tidal power that relies on differences in water height between two basins.
These turbines are particularly used in off-grid microgrids, often installed in rivers, and
typically have small-scale capacities (tens of kilowatts). Biomass accounts for 3.2% of the
identified projects [25], and its sources are diverse (IRENA, 2024):

* Forestry residues;
* Agricultural crop waste such as wheat, maize, cassava;
* Animal waste, including manure and bedding;

* Agro-industrial by-products like rice husks and sugarcane bagasse;
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* Wood residues from sawmills and factories;

* Biodegradable waste from landfills and construction sites.
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Figure 1.6: Rates of Energy Utilization in Microgrid Projects Worldwide
I.8. Topology and Structural Configuration of Microgrid Systems

The following figure 1.7 presents the basic classification of hybrid energy systems based
on several technical criteria. This includes the mode of operation (isolated or grid-connected)
and the configuration of the common bus (DC, AC, or mixed). It also highlights the variety of
energy sources used, whether conventional or renewable, with or without storage systems.

[ Classification of Microgrid System ]
v h 4 v
{ Mode of operation J [ Bus configuration ] [ Energy sources used 1
3 v " h 4 h 4 v
Isolated ] Grid- DC AC Hybrid Storage Pv
connected bus bus bus svstem Wind

Figure 1.7: Typology of Hybrid Energy Systems for Microgrids
1.8.1. Classification of MG Based on Operating Mode and System Structure

Microgrids can be classified according to several key criteria, primarily their operating mode
(isolated or grid-connected) and their internal structural configuration:

1.8.1.1. Classification According to Operating Mode

In Figure 1.8, a simplified diagram of a microgrid system is shown, which includes
renewable energy sources (wind turbines and solar panels), an energy storage unit, and AC
loads. The system also features the ability to connect to the main grid through a control switch
at the Point of Common Coupling (PCC). Based on this diagram, the two operating modes can
be explained as follows:
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1.8.1.1.a. Isolated Microgrid Mode (Off-Grid):

When the switch is open, the microgrid operates in isolation from the main grid. In this
configuration, local energy demands are met solely by internal sources such as wind turbines,
solar panels, and the energy storage system. This setup is essential in remote areas where grid
access is not available. However, it presents challenges related to supply reliability, especially
during periods of low renewable generation or when the storage system is depleted [26][27].

1.8.1.1.b. Grid-Connected Microgrid Mode (On-Grid):

When the switch is closed, the microgrid is connected to the main utility grid. This
allows the system to import electricity during local generation shortfalls and export surplus
energy when available. The grid connection enhances overall system performance, enables
more reliable supply, and supports advanced energy management strategies. It also contributes
to greater economic and operational efficiency by leveraging the flexibility of both local and
grid resources [26][27].

Wind Turbine Solar Pamels

L ] . -
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Main Grid pe¢
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Energy Stovage

Figure 1.8: Operational Structure of a Switchable Microgrid
Grid-Tied and Islanded Modes [26]

1.8.1.2. Classification of Microgrid Architectures Based on Bus Configuration

This classification is based on the type of internal interconnection bus. The main role of
this bus is to establish a physical link between all system components while specifying the type
and voltage level of the current whether directly generated by the energy sources or conditioned
through power converters. There are three main configurations commonly used for integrating
various renewable energy sources:

1.8.1.2.a. DC Microgrid

In this architecture, all power sources are connected to a common direct current (DC)
bus, where the generated electrical energy is directly injected. DC power sources, such as
photovoltaic systems and storage units, are connected using DC-DC converters to maintain
voltage stability on the load side. AC power sources, such as wind turbines, are converted to
DC using AC-DC converters before being linked to the bus [28].
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As illustrated in the figure, this type of microgrid includes renewable energy sources
(solar and wind), DC loads (such as electric vehicle chargers and storage devices), and
prioritized AC loads (such as hospitals, water pumping stations, and homes). Each component
is connected to the bus through a suitable converter to ensure smooth functional integration
[29].

This architecture is commonly used in low-power applications due to several advantages,
including:

v’ Greater flexibility in energy flow control
v' Higher reliability, as the system continues to operate even if one component fails
v No need for synchronization when adding a new power source
However, it also has some drawbacks, most notably:
v The need for more converters, which increases system cost and complexity

The Figure 1.9 shows a practical example of a DC bus-based microgrid architecture, clearly
illustrating the connection of sources and loads and the distribution of power within the system.
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Figure 1.9: Simple diagram of a typical DC-MG [28].
1.8.1.2.b. AC Microgrid

The AC bus-based architecture is one of the most widely adopted configurations in
medium- and high-power applications due to its technical advantages, primarily the reduced
number of converters, which minimizes energy conversion losses and improves overall system
efficiency. In this configuration, renewable energy sources such as photovoltaic panels and
wind turbines are connected to the AC bus through dedicated converters (DC/AC or
AC/DC/AC), depending on the nature of the source. Energy storage systems (ESS) are
integrated via bidirectional converters that allow both charging and discharging operations
according to system requirements [28]. AC loads are connected directly to the bus without the
need for additional conversion, while DC loads are interfaced through AC/DC converters to
ensure voltage compatibility. Despite the simplicity of this configuration in terms of reduced
conversion stages, it presents several challenges, mainly related to power quality. Inductive and
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electronic loads often lead to a low power factor and the generation of electrical harmonics,
which can adversely affect system performance and require the implementation of filtering and
compensation equipment to maintain system stability. Figure .10 presents a typical example of
an AC bus-based microgrid architecture, illustrating the interconnection of energy sources and
various load types, along with the point of common coupling (PCC) with the utility grid [29].

AC Microgrld

r ___________________ 2 |
| Renewable Energy Sources | I DC Loads |
| a |
| 'P =1k
@ e I
: PV System Wnd Turbines | EVCharger ESS devices |

e

DC-AC AC-DC-AC DC AC DC-AC
Converter Converter

PR PCC

Distribution
Utility Grid Transformer

Figure 1.10: Simple diagram of a typical AC-MG [22].
1.8.1.2.c. Hybrid AC/DC Microgrid

The hybrid microgrid architecture combines the advantages of both AC and DC bus
systems. In this configuration, the two buses are interconnected using a bidirectional DC/AC
converter that enables energy exchange between the AC and DC networks as needed. This
topology offers higher energy efficiency and lower overall cost compared to purely AC-coupled
or DC-coupled systems. These benefits result from fewer energy conversion stages, leading to
reduced conversion losses and improved operational performance, especially in systems with
mixed types of loads and energy sources. However, the main drawback of the hybrid
configuration lies in its complexity in terms of control and energy management [30].
Coordinating the operation of both AC and DC networks requires advanced control strategies
to ensure stable and balanced power distribution. Figure I.11 presents an example of a hybrid
AC/DC microgrid architecture, clearly illustrating the distribution of loads and energy sources
across both networks, as well as the point of common coupling (PCC) with the utility grid [30].
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Figure I.11: Simple diagram of a typical HMG.AC/DC [30]
1.8.2. Voltage Levels in Microgrids
Several voltage levels can be identified within a microgrid:

v" User Connection Voltage: This is typically the same for all users in a small rural
network, ensuring standardized access.

v Electricity Distribution Voltage: This refers to the voltage level of the overhead lines
or underground cables connecting generation sources to the loads. Distribution can be
done at low or medium voltage depending on the system design.

v Generation Coupling Voltage: This voltage may differ from the distribution voltage,
thanks to step-up transformers that adapt the voltage of the generation unit to match the
distribution system.

v" DC Bus Voltage: One or more DC buses are usually present in a microgrid that includes
storage elements interfaced in DC, such as batteries.

The distribution voltage is a key parameter used to classify the type of microgrid. On the
generation side, the DC bus voltage characterizes the nature of the equipment. It is common to
distinguish:

v Extra-Low Voltage Systems (< 120 VDC): Used for batteries and PV converters
operating below 120 VDC, typically around 48 VDC.

v" Low Voltage DC Systems (120 VDC to 1500 VDC): These systems are used for
applications requiring higher power and longer distances, often found in more advanced
or larger-scale microgrids.

1.9. The microgrid system used in this thesis

The microgrid system analyzed and adopted in this thesis is based on a real-world
implementation the Bella Coola microgrid, located in the remote coastal region of British
Columbia, Canada. This system was selected due to its practical relevance, proven performance,
and its ability to address challenges similar to those faced by isolated communities without
access to a centralized grid. By relying on an actual case study, this work ensures that the
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modeling and analysis are grounded in real operational conditions, rather than theoretical
assumptions.

Bella Coola is surrounded by mountains and dense forests, making grid extension
economically and logistically unfeasible. Figure 1.12, taken from Google Maps, shows the
town’s geographical location and the natural barriers that isolate it from the main power
network. In response to these constraints, a fully functional microgrid was designed and
implemented during the early 2000s, making Bella Coola one of the first regions in Canada to
deploy hydrogen-assisted renewable energy storage [31][32].

Figure 1.12: Geographical Location of the Microgrid System in
Bella Coola — British Columbia, Canada

The system combines multiple energy sources a small hydro plant (approx. 2 MW), solar
panels (1 MW), a wind turbine (1.4 MW), diesel backup generators, and plug-in hybrid electric
vehicles (PHEVs) used as mobile storage units. A centralized control system ensures dynamic
load-frequency balancing and optimizes energy dispatch across available sources. Figure 1.13
displays the actual system architecture implemented in Bella Coola, while and presents a
simplified schematic outlining its energy components and technical capacities [31][32].
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Figure 1.13: Composition and structure of bella coola microgrid.
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The microgrid offers several advantages: it reduces diesel fuel consumption by over
70% during summer months, cuts greenhouse gas emissions by several hundred tons annually,
and improves energy reliability in an off-grid setting. The integration of hydrogen storage and
smart control technologies provides additional flexibility and resilience, making the system
both efficient and environmentally sustainable [33].

1.10. Energy Sources and Constituent Elements of the Microgrid

The microgrid studied in this thesis is based on a multi-source structure that integrates
various types of renewable and conventional energy sources to ensure a stable and reliable
power supply for a remote area. The system is composed of a set of units that work together to
provide generation, storage, and backup support. This architecture was selected for its ability
to adapt to fluctuating demand and the challenges of limited access to a centralized grid. The
main elements are as follows:

1.10.1. Solar Energy

Solar energy is one of the fundamental pillars of the global transition toward clean and
sustainable energy systems. It is a renewable, inexhaustible, and non-polluting source that
allows electricity production without environmental harm. Its origin lies in nuclear fusion
reactions occurring at the sun’s core, where hydrogen atoms combine to form helium, releasing
enormous amounts of energy in the form of electromagnetic radiation that reaches the Earth.
It is estimated that the Earth receives more than 170,000 terawatts of solar energy daily many
times more than the total global energy demand. With continuous technological advancement,
solar systems have become more efficient and cost-effective, enabling widespread use in rural
and urban areas, including centralized and decentralized energy systems such as microgrids
[34].

1.10.1.1. Solar Energy Utilization Technologies
Solar energy exploitation technologies can be categorized into two main types:
a. Solar Thermal Systems

The heat generated by sunlight is used to heat water or produce steam, which in turn drives
turbines to generate electricity, as illustrated in Figure I.14. This technique is employed in large-
scale systems such as Concentrated Solar Power (CSP) plants, and is distinguished by its ability
to integrate thermal storage systems, ensuring a continuous supply of energy even during
periods without sunlight [35].
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Figure 1.14: Diagram of a Central Tower CSP Power Generation System
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b. Functioning of Solar Thermal Energy Systems

Solar thermal systems convert solar radiation into heat, used for heating water or air, and
for electricity generation in large-scale applications. These systems go through several key
stages:

v Solar Energy Absorption: Solar radiation is captured using solar collectors,
such as flat-plate collectors or evacuated tube collectors, which convert sunlight
into heat.

v Heat Transfer: The generated heat is transferred to a working fluid (commonly
water or a special heat-transfer fluid like glycol) circulating through the system.

v' Heat Storage: The thermal energy is stored in insulated tanks for later use,
especially during nighttime or cloudy conditions.

v Final Utilization: The stored heat is used for domestic water heating, space
heating, or to drive steam turbines in large-scale solar thermal power plants for
electricity production.

Advantages
v Clean and renewable energy: Does not produce carbon emissions during operation.

v High efficiency: In heating and water heating applications, solar thermal systems are
more efficient than photovoltaic systems.

v" Low operating costs: Once installed, maintenance and operation costs are relatively
low.

v" Thermal storage capability: Heat can be stored in tanks for later use, providing greater
stability compared to photovoltaic systems.

v Long lifespan: Typically lasts 15-30 years with simple periodic maintenance.
Disadvantages
v High initial installation cost: Can be expensive, especially for residential projects.

v" Poor performance on cloudy or cold days: Performance heavily depends on the
availability of sunlight.

v Requires large space: Especially in industrial systems or when high energy output is
needed.

v Difficult to transport: The generated heat cannot be transferred over long distances,
limiting its use to the site of production.

v Risk of heat-transfer fluid freezing: In cold regions, the system may require special
protection against freezing.

1.10.1.2. Photovoltaic Systems (PV)

This technology relies on converting sunlight directly into electricity using solar cells.
It is characterized by the absence of moving mechanical parts, which reduces maintenance
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requirements. This makes it an ideal choice for residential, industrial, and microgrid
applications, as illustrated in Figure 1.15 It is currently one of the most widespread solar energy
technologies, especially with the continuous decline in global solar cell manufacturing costs

[35].

a.

ONDULEUR

TRANSFORMATEUR RESEAU ELECTRIQUE

Figure 1.15: Photovoltaic Energy Conversion Process

Solar Cell and Its Operating Mechanism

A solar cell is a slice of semiconductor material, typically silicon, that is treated to form a
PN-type electrical junction. When photons strike the surface of the cell, some of them transfer
their energy to electrons in the silicon layer, freeing them from atomic bonds. Due to the electric
field at the junction, the electrons move toward one electrode and the holes toward the opposite
electrode, generating an electric current as illustrated in Figure 1.16 [36]. The performance of
the solar cell depends on several factors, including:

v

v
v
v

The type and crystalline structure of the semiconductor material
The thickness of the active layer
Surface quality and anti-reflective coatings

The angle of incidence and the intensity of solar radiation

suntight i —

Figure 1.16: Photovoltaique operation
Types of Solar Cells

Monocrystalline: These offer the highest efficiency (18-22%) and are typically black
in color. They require precise manufacturing processes and have a higher cost, but are
ideal when space is limited.
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Polycrystalline: These have medium efficiency (15-18%) and a shimmering blue color.
They are relatively cheaper and less efficient, making them a popular economical
choice.

Amorphous Silicon: Used in portable and small-scale applications, these cells are
highly flexible with a low efficiency (6—10%). They perform better under low-light
conditions.

Thin-Film: Made from materials like CdTe and CIGS, these cells are lightweight and
can be installed on unconventional surfaces. However, they are generally less efficient
than traditional silicon cells.

Advantages:

v

Renewable and Clean Energy Source: A sustainable energy source that does not
produce carbon emissions during operation.

Low Operating Costs: Relatively low maintenance and operational costs after
installation.

Scalability: Can be installed in various sizes to suit residential, industrial, or
commercial needs.

Long Lifespan: Photovoltaic systems typically last for several decades, often more than
25 years.

v' Silent Operation: Operates without generating noise.

Energy Independence: Reduces dependence on conventional energy sources and
power grids.

Disadvantages:

v
v

1.10.2.

High Initial Cost: The installation cost is relatively high.

Intermittency: Electricity production depends on sunlight, making it inconsistent at
night or during cloudy days.

Large Area Requirement: Requires a large surface area to generate significant
amounts of electricity, especially for lower-efficiency systems.

Energy Storage Requirement: Needs storage systems (such as batteries) for nighttime
or cloudy-day use, which increases the overall cost.

Efficiency Affected by Weather: Performance is impacted by weather conditions such
as dust, rain, and snow.

Environmental Impact of Manufacturing: Some manufacturing processes and the
disposal of old panels can have environmental consequences.

Wind energy

Wind energy is considered one of the most prominent renewable energy sources, having

experienced significant growth in recent years due to its natural abundance, low operational
costs, and environmentally friendly nature. This technology relies on harnessing the kinetic
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energy of the wind and converting it into usable electrical energy through an integrated system
composed of several components that operate in harmony to ensure efficient and stable energy
production.

A wind energy conversion system consists of three main interconnected components:
the turbine, the transmission system, and the electrical subsystem, which includes the generator,
as illustrated in Figure 1.17. In the first stage, the wind turbine converts the kinetic energy of
the wind into mechanical energy through blades connected to the rotor shaft. In the second
stage, the transmission system transfers the mechanical energy from the turbine to the generator
while increasing the rotational speed to levels suitable for efficient generator operation. In the
final stage, the generator converts the mechanical energy into electrical energy. Power
electronics devices are used to regulate and control the characteristics of the electrical output,
ensuring compatibility with grid requirements or connected loads [37].

Control system
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Wind Power Mechanical power Electric power :

Figure 1.17: Principle of the wind energy [36]

In addition to these core components, the system also includes auxiliary elements that
do not directly participate in the energy conversion process but are essential for ensuring safe,
stable, and reliable operation. These include sensors, control units, and various protection
systems.

1.10.2.1. Classification of Wind Turbines

Wind turbines are among the main components in systems that convert wind energy into
electrical energy. With technological advancements, various types of turbines have emerged,
differing in design and mode of operation. Wind turbines can be classified based on several
criteria, the most important of which are the orientation of the rotation axis and the type of
electric generator used, as these two factors are key technical determinants of the turbine’s
performance and its efficiency in power generation. This classification is based on the
geometric orientation of the turbine blade rotation axis and is divided into two main types:

1.10.2.1.a. Horizontal Axis Wind Turbines (HAWT)

This type is the most commonly used in commercial applications and represents the
traditional design of modern wind turbines. In this configuration, the axis is horizontal and
aligned with the direction of the wind, as shown in Figure 1.18. These turbines are typically
installed at elevated locations to take advantage of strong and steady winds. They are widely
used in both onshore and offshore applications due to their high efficiency. However, they also
have some drawbacks, such as their heavy weight and noise generation [38].
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Figure 1.18: Horizontal Axis Wind Turbine [36]
1.10.2.1.b. Vertical Axis Wind Turbines

In this type of wind turbine, the axis of rotation is perpendicular to the ground. The blades
rotate around the vertical shaft, allowing the turbine to capture wind from any direction without
the need for a yaw control system. VAWTs are especially suitable for urban environments or
areas with highly variable wind directions. Vertical Axis Wind Turbines are further classified
into several main types, including:

% Darrieus Rotor:This type of turbine features curved blades shaped like a semicircle or
an elliptical arc, resembling an upside down "Q" or an eggbeater, as shown in Figure
[.19. It offers relatively high aerodynamic efficiency; however, it lacks self-starting
capability and therefore often requires an external mechanism to initiate rotation [39].
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Figure 1.19: Darrieus turbine with blades curved in an elliptical arc shape.

¢ Helicoidal Rotor (Helical Darrieus Rotor): This design is an enhancement of the
conventional Darrieus rotor, where the blades are shaped in a helical (twisted) form
around the vertical axis, as illustrated in Figure 1.20 This configuration helps distribute
aerodynamic forces more evenly and consistently, which reduces vibrations and
improves dynamic stability during operation. The helical rotor also offers higher
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efficiency and greater performance stability, particularly under fluctuating wind
conditions [39].

Figure 1.20. Helical Darrieus Turbine Design for Enhanced Efficiency
and Vibration Reduction

¢ Rotor (Straight-Bladed Darrieus Rotor): This type of wind turbine consists of
straight vertical blades connected to a central shaft by horizontal supports, forming the
shape of the letter "H," as illustrated in Figure [.21. It is characterized by a simple design
and ease of manufacturing. Although its aerodynamic efficiency is generally lower than
that of curved-blade designs, it is widely used in small to medium-scale applications
due to its structural simplicity and ease of maintenance [38][39].
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Figure 1.21: Straight-Bladed Darrieus Rotor with H-Shaped Configuration
1.10.2.2. General Advantages of VAWT:
v Do not require a wind direction tracking mechanism.
v Low startup wind speed.
v" Suitable for urban environments and building integration.
v Quieter than horizontal axis turbines.
1.10.2.3. General Disadvantages of VAWT:

v Relatively lower efficiency in large-scale applications.
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v" Some types require an auxiliary system to initiate rotation.

v" Less mature and less widely adopted compared to horizontal axis turbines.

I.11. Storage Systems in Microgrids

The microgrid equipped with an Energy Storage System (ESS) is considered a strategic
and essential component in the transition toward sustainable smart grids. In light of the global
shift towards the use of renewable energy sources such as solar and wind power, challenges
related to the intermittency and variability of these sources become increasingly evident.
Renewable energy sources are inherently intermittent and time-variable, leading to significant
mismatches between production and demand, which places increasing pressure on the stability
of the microgrid [28]. On the other hand, electrical load profiles show continuous variations
throughout the day, creating gaps between generation and consumption. This imbalance can
result in fluctuations in frequency and voltage, which negatively impact the quality and stability
of power supply [31]. To address this issue, energy storage systems are employed as
intermediaries between generation and consumption. They store the excess energy generated
during periods when production exceeds demand and inject it back into the grid during times
when demand surpasses generation capacity [38].

Energy storage systems are classified according to several criteria, the most important
of which are the form of stored energy and the mechanisms of conversion and storage. These
classifications include:

I.11.1. Mechanical Storage Systems

Mechanical storage systems rely on converting excess electrical energy into storable
mechanical energy such as kinetic or compressed energy which can later be reconverted into
electricity when needed. These systems are characterized by their fast response time and high
efficiency during short charge-discharge cycles, making them ideal for applications such as
frequency stabilization and grid support during peak demand periods. Generally, these systems
are classified into two main types:

I.11.1.1. Flywheel Energy Storage (FES): This system relies on the principle of storing energy
in a rotating mass (flywheel) that spins at high speeds inside a vacuum chamber to reduce
friction and energy loss. When there is a surplus of electrical energy, it is used to accelerate the
rotation of the mass, thereby storing the energy in the form of kinetic energy. When the demand
for energy increases, this stored energy is recovered by converting the kinetic energy of the
flywheel into electrical energy using a connected generator. Figure 1.22 illustrates the operating
principale of This system [40].
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Figure 1.22: Operating Principle of a FES System

I..11.1.2. Compressed Air Energy Storage (CAES): This system convert surplus electricity
particularly from renewable sources such as wind and solar into mechanical energy by
compressing air and storing it in natural underground cavities or industrial high-pressure tanks.
When electricity is needed, the compressed air is released, heated using waste heat or auxiliary
fuel, and passed through turbines to generate electricity, as illustrated in Figure 1.23. This
system is characterized by its ability to store large amounts of energy for extended periods,
enhancing grid stability [41]. However, its efficiency can be affected by heat losses during the
compression and expansion processes. To address this, recent research focuses on developing
adiabatic CAES systems that capture and reuse the heat generated during compression, thereby
reducing fuel dependency and improving overall system performance [40].

mmmu By e / dmmm the gnd
nuclear power stations. y % g ;&
WA ‘ ?3;

Figure 1.23: Schematic Diagram of a CAES System

1.11.2. Electrochemical Storage Systems

Electrochemical storage systems are among the most widely used energy storage
technologies worldwide, particularly in the fields of renewable energy, smart grids, and electric
vehicles. These systems operate by converting electrical energy into chemical energy through
reversible oxidation-reduction (redox) reactions within electrochemical cells, and then
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converting it back into electricity when needed. They are classified into several main types, the
most notable of which include:

I.11.2.1. Lithium-Ion Battery

Lithium-ion batteries are among the most advanced and widely used electrochemical
energy storage technologies today. They are extensively employed in portable electronic
devices, electric vehicles, and energy storage systems connected to smart grids. These batteries
operate based on the movement of lithium ions between two main electrodes: a positive
electrode typically composed of a metal oxide (such as lithium cobalt oxide), and a negative
electrode made of graphite. The ions move through a liquid or semi-solid electrolyte during the
charge and discharge cycles, as illustrated in Figure 1.24 [41].
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Figure 1.24: Operating Mechanism of a Lithium-Ion Battery During
Charge and Discharge Cycles

During the charging process, lithium ions migrate from the positive electrode to the
negative electrode, where they are stored within the graphite layers, while electrons flow
through the external circuit. In the discharging process, the ions return from the negative
electrode to the positive electrode, generating an electric current that can be used to power
electrical loads [41].

Lithium-ion batteries are known for their high energy density and excellent efficiency,
ranging from 90% to 98%, as well as their long service life and lightweight structure, making
them an ideal choice for modern applications. However, they require precise thermal
management due to their sensitivity to high temperatures, and their cost remains relatively high
compared to conventional batteries. Additionally, there are environmental challenges related to
material sourcing and recycling. Despite these drawbacks, lithium-ion batteries remain a central
focus of ongoing research aimed at developing safer, more efficient, and sustainable solutions,
including solid-state battery technologies and advanced battery management systems (BMS)
[41].

1.11.2.2. Lead-Acid Batteries

Lead-acid batteries are among the oldest types of rechargeable batteries and remain
widely used in various applications, such as conventional vehicles, uninterruptible power

UHBC 2025 Page 29



Chapter 1 Overview of Microgrids: Principles, Architecture and Applications

supply (UPS) systems, and certain solar energy systems. Their operation is based on
electrochemical reactions between lead and lead dioxide plates immersed in sulfuric acid, as
illustrated in Figure 1.25 [41].
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Figure 1.25: Electrochemical Operation of a Lead-Acid Battery

Lead-acid batteries are known for their low cost and high current delivery, making them
a mature and reliable technology. Despite drawbacks such as low energy density, heavy weight,
and the need for periodic maintenance, they remain widely used due to their reliability and
availability. They operate through a chemical reaction with sulfuric acid that is reversed during
charging and discharging [42].

1.11.2.3. Fuel cell

A fuel cell is an advanced electrochemical device that directly converts chemical energy
resulting from the reaction between a fuel, typically hydrogen, and an oxidant such as oxygen
into electrical energy without the need for combustion. The cell consists of three main
components: the anode, the cathode, and the electrolyte that separates them. When hydrogen
enters the anode, it splits into positively charged hydrogen ions and electrons, with the help of
a catalyst. The ions pass through the electrolyte toward the cathode, while the electrons are
forced to flow through an external electrical circuit, generating an electric current used to power
various loads, as illustrated in Figure 1.26.[45]
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Figure 1.26: Basic Operating Principle of a Hydrogen Fuel Cell
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Fuel cells are a clean and efficient energy source, producing only water and heat without
harmful emissions. They are characterized by high efficiency, silent operation, and quick
response, making them suitable for transportation, power generation, and specialized
applications such as aerospace. However, their widespread adoption is still limited by high
production costs and technical challenges, despite ongoing advancements in the field [45].

1.11.2.4. Supercapacitors

Supercapacitors are energy storage devices known for their exceptionally fast charging
and discharging capabilities. They combine higher energy density than conventional capacitors
with greater power density than batteries. Their operation is based on storing electrical charge
in an electric double layer formed at the surface of the electrodes within an electrolyte, without
relying on chemical reactions as in batteries. This enables a remarkably long operational life,
reaching up to millions of charge-discharge cycles. The working principle involves the
accumulation of electrical charges at the interface between the electrolyte and the electrode
surface, forming what is known as the electric double layer. Energy is stored in the form of an
electric field between these layers, as illustrated in Figure 1.27, allowing for ultra-fast charging
and discharging with minimal energy loss. Supercapacitors are classified as high-efficiency
storage systems, with efficiencies often exceeding 95% in various applications [44].
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Figure 1.27: Operating Principle of Supercapacitors and Formation
of the Electric Double Layer

They are used in areas that require an immediate power response, such as voltage
stabilization and frequency regulation in power grids, regenerative braking systems in vehicles,
and instantaneous power support in industrial and electronic systems. Although their energy
density is lower than that of batteries, their rapid response and long cycle life make them an
ideal choice for many modern applications particularly when integrated with other storage
technologies.

1.12. Adopting Electric Vehicle Batteries as a Main Solution for Energy
Storage

In this study, electric vehicle (EV) batteries were selected as a primary and effective
solution for storing electrical energy within the microgrid system, due to their dynamic
characteristics and high efficiency in charging and discharging processes. This approach
represents a modern trend in the field of energy management, as the battery is no longer seen
merely as a passive component used to power the vehicle, but rather as an active element that
can be integrated into the electrical grid to enhance its flexibility and stability, as illustrated in
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Figure 1.28. The concept is based on the idea that electric vehicles, when not in use and
connected to a smart charging point, can have their stored energy utilized to support the grid
during peak demand periods and absorb excess energy during times of high production. In this
way, the batteries function as distributed storage units within the network [32][42].
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Figure 1.28 : Integration of Electric Vehicle Batteries into
the Microgrid as Distributed Storage Systems

1.12.1. Types of Electric Vehicles

Modern electric vehicles are divided into several main types, each differing in how it
operates and in the extent to which it relies on electric power versus conventional fuel. In what
follows, we will discuss the most important of these types: Battery Electric Vehicles (BEVs),
Plug-in Hybrid Electric Vehicles (PHEVs), and conventional Hybrid Electric Vehicles (HEVs),
highlighting the features and characteristics of each.

1.12.1.1. Battery Electric Vehicles (BEVs)

Battery Electric Vehicles are a type of vehicle powered exclusively by an electric
battery, without any components of a gasoline or diesel engine. These vehicles typically support
various charging modes, including Fast Charging and Level 2 Charging, and are considered
environmentally friendly thanks to producing zero emissions while driving. Figure 1.29
illustrates the design of this type of vehicle [46].
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Figure 1.29: Structure and Components of a Battery Electric Vehicle (BEV)
1.12.1.2. Plug-in Hybrid Electric Vehicles (PHEVs)

These vehicles combine the advantages of electric and hybrid cars, as they include a
larger battery and electric motor compared to conventional hybrids, in addition to an internal
combustion engine and a fuel tank. They are also equipped with an external charging port that
enables charging using Level 2 Chargers, allowing them to travel a certain distance on electric
power alone before switching to fuel use. Figure 1.30 shows the components of this type of
vehicle [46].

Figure 1.30: Structure and Components of a Plug-in Hybrid Electric Vehicle (PHEV)
1.12.1.3. Hybrid Electric Vehicles (HEVs)

These vehicles operate through the integration of an internal combustion engine and a
smaller electric motor, where the electric motor is mainly used to support and enhance the
performance of the gasoline engine, thereby reducing fuel consumption and emissions. It is
worth noting that this type does not have an external charging port and relies entirely on
gasoline, without the option to recharge the battery from an external electric source. Figure 1.31
displays the basic structure of this type of vehicle [43-46].
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Figure 1.31: Structure and Components of a Hybrid Electric Vehicle (HEV)
1.12.2. Reasons for Selecting Electric Vehicle Batteries in This Study

In this study, electric vehicle batteries (EVBs) were selected as a primary solution for
electrical energy storage, based on a combination of technical, economic, and practical
considerations that support the feasibility of this option in the near future. The world is
undergoing a rapid shift toward electric vehicles (EVs), driven by increased environmental
awareness, continuous advancements in manufacturing technologies, and the expansion of
supportive government policies. This shift has made EVs and consequently their batteries more
accessible and affordable for the average consumer. As illustrated in Figure 1.32, global EV
sales have grown significantly, rising from 0.2 million vehicles in 2013 to 13.8 million in 2023,
clearly reflecting the growing interest in sustainable transportation and global efforts to reduce
emissions [46]. In light of these trends, this study has adopted the integration of EV batteries
into the microgrid system as a realistic and effective energy storage solution that aligns with
global environmental objectives and enhances the sustainability and efficiency of the power
system.
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Figure 1.32: Global Growth in Electric Car Sales (2013-2023) [46]

This growing availability represents a strategic opportunity to repurpose EV batteries
not only for vehicle propulsion but also as energy sources integrated within smart power
systems, through the Vehicle-to-Grid (V2G) concept. During long idle periods, whether in
residential or institutional parking spaces, the energy stored in these batteries can be partially
discharged to support local loads or contribute to grid stabilization [46].

Furthermore, this type of integration not only enhances grid flexibility, but can also
significantly contribute to extending the lifespan of the system’s stationary battery by
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distributing charge and discharge cycles intelligently between mobile and fixed batteries. This
distribution reduces the stress on individual batteries and delays their chemical degradation over
time. Given that EV batteries are inherently equipped with advanced Battery Management
Systems (BMS) and are designed to withstand demanding operating conditions, integrating
them into microgrid systems does not require major structural modifications only the
development of compatible control and communication interfaces. From this perspective,
utilizing EV batteries is not only a proactive and practical solution, but also a sustainable and
forward-looking strategy that can redefine the design and operation of future energy systems
[32].

1.12.3. Components and Working Principle of Electric Vehicle Batteries

Electric vehicle (EV) batteries typically consist of electrochemical cells integrated into
units known as modules, which are then assembled into a complete battery pack. The most
widely used type is the lithium-ion (Li-ion) battery, due to its high energy density, low self-
discharge rate, and relatively lightweight, making it suitable for mobile applications [42].

The main components of the battery include the positive electrode (usually made of
lithium metal oxide), the negative electrode (commonly made of graphite), and an electrolyte
that allows lithium ions to move between the electrodes during charging and discharging, as
illustrated in Figure 8 related to the lithium battery.

During charging, lithium ions move from the positive electrode to the negative
electrode, where they are stored. During discharging, the ions travel in the opposite direction,
generating an electric current that can be used to power electrical loads. Within a microgrid
system, these processes are managed by an intelligent charge/discharge unit that ensures the
battery’s efficiency and operational safety. This is monitored by the Battery Management
System, which accurately tracks voltage, temperature, and the state of charge (SOC) [42].

1.12.3.1. Advantages of Electric Vehicle Batteries:

Electric vehicle batteries possess several key characteristics that make them highly suitable
for energy storage applications, particularly within smart grids and microgrid systems. They
offer high charging and discharging efficiency, often exceeding 90%, which enhances their
effectiveness in frequent energy cycling. Additionally, they provide rapid response to load
fluctuations, a critical feature for maintaining grid stability in the face of sudden changes in
demand or supply. Furthermore, their widespread availability driven by the rapid growth of the
electric vehicle market ensures that they are accessible in large quantities, facilitating their
integration into distributed energy storage infrastructures [42][46].

« Advantages:
v' High energy density.
v Dual role (transportation and storage).
v' Advanced management technologies (BMS).
v Good lifespan, reaching 10 years or more.
¢ Disadvantages:

v' Gradual performance degradation with frequent cycles.

UHBC 2025 Page 35



Chapter I Overview of Microgrids: Principles, Architecture and Applications

v High initial investment cost.
v Need for bidirectional charging stations.
v Not all users may agree to share their batteries with the grid.

1.12.3.2. Comparison Between Electric Vehicle Batteries and Other Energy Storage
Systems

When comparing electric vehicle batteries (EVB) to other types of energy storage
systems, it becomes evident that EVBs offer a unique balance of performance, efficiency, and
flexibility, particularly in dynamic environments such as microgrids. The table below provides
a comparative overview of the most relevant characteristics among different storage
technologies:

Table I.1: Comparative Analysis of Electric Vehicle Batteries and
Other Energy Storage Technologies

Criterion ElectricVehicle | Stationary | Lead-Acid | Supercapacitors | Mechanical
Batteries Lithium- Batteries Storage
(EVB) Ion
Batteries
Efficiency High (>90%) High Moderate | Very high Moderate
(~92%) (~70-80%) | (>95%) (~70-80%)
Response Fast Fast Moderate | Instantaneous | Relatively
Speed slow
Energy High High Low Very low High (design-
Density dependent)
Lifespan Good (8-15 Good (10+ Short (3-5 | Very long (20+ Very long
years) years) years) years) (30+ years)
Initial Cost Relatively high High Low High Very high
Portability Excellent Low Low Low Not portable
(mobile, vehicle-
based)
Environmental | Relatively low Moderate High Low Low
Impact

This comparison demonstrates that electric vehicle batteries provide an effective and
flexible energy storage solution, especially suitable for decentralized and smart energy systems.
Their dual functionality as both mobile power sources and distributed storage units gives them
a distinct advantage over traditional stationary systems. In particular, their ability to integrate
seamlessly with Vehicle-to-Grid (V2G) infrastructure makes them ideal for applications where
responsiveness, distributed control, and renewable integration are key priorities.

1.13. Major Technical Issues in Microgrid Operation

Microgrid systems are considered among the most advanced solutions for achieving
energy sustainability, due to their flexibility to operate either in grid-connected mode or in
islanded (standalone) mode. However, integrating these systems into conventional electrical
networks poses several technical challenges that may negatively impact operational efficiency
and system stability. The main challenges facing microgrid systems can be summarized as
follows:
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1.13.1. Application of Inverters

Electronic inverters play a pivotal role in microgrids, as they are used to convert the direct
current (DC) produced by sources such as solar panels or batteries into alternating current (AC)
that can be utilized within the grid. However, this application faces several challenges,
especially when operating multiple energy sources simultaneously. Achieving precise
synchronization between multiple inverters is difficult and may result in power quality issues,
such as waveform distortions and harmonics, as well as voltage or frequency mismatches
between sources and loads [47].

1.13.2. Microgrid Protection

Protecting microgrid systems from electrical faults is a major challenge due to the
dynamic nature of power flow and changing current direction. In traditional grids, current
typically flows in a single, fixed direction, which simplifies protection system design. In
contrast, microgrids can experience bidirectional current flow depending on the operating mode
whether grid connected or islanded and whether a source is generating or consuming power
[48]. This complexity makes traditional protection devices, such as thermal breakers or fuses,
inadequate or slow to respond, thereby endangering the system. As a result, adaptive protection
systems are adopted, relying on real-time analysis of current, voltage, and phase angle, using
smart electronic breakers capable of immediate response to faults. Additionally, intelligent
monitoring and time-series data analysis techniques are employed to predict faults before they
occur, enhancing the long-term safety and stability of the network [49].

1.13.3. Load Frequency Control

Load frequency control is a fundamental aspect of maintaining stability in microgrid
systems, as frequency serves as a direct indicator of the real-time balance between generated
and demanded power. In the event of any sudden change in load whether an increase or decrease
the system frequency may deviate from its nominal value, potentially leading to operational
disturbances, equipment shutdowns, or reduced efficiency [50]. This challenge becomes even
more critical in isolated microgrids that are not connected to the main grid, as they lack
traditional support sources capable of absorbing such fluctuations. Within the scope of this
study, focus will be placed on analyzing the system’s frequency behavior under sudden changes
in load and generation, with the aim of developing effective solutions to minimize frequency
deviation and quickly restore dynamic balance. In addition, the role of energy storage systems
and intelligent monitoring will be examined to support frequency stability and enhance the
overall reliability of microgrid performance [51].

1.14. Previous Works on Frequency Deviation Control in Microgrid
Systems

In recent years, there has been growing interest among researchers in addressing the
problem of frequency deviation in isolated microgrid systems, due to its critical role in
maintaining system stability and reliability. Various control techniques have been proposed to
tackle this issue, each with its own advantages and limitations.

In [52], conventional PID controllers were proposed due to their simplicity and ease of
implementation. However, they tend to perform poorly under dynamic conditions and sudden
load changes. Fractional-order PID controllers, as shown in [53], offered more accurate and
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robust performance, yet they suffer from complex tuning and slower response. Fuzzy logic
controllers were used in [54] to improve handling of system nonlinearity and uncertainty, but
their design and tuning require significant effort [55]. Type-2 fuzzy logic controllers, such as
in [56], enhanced flexibility but introduced higher computational complexity.

On the other hand, some studies such as [57] employed Model Predictive Control (MPC)
for its efficiency in dealing with multivariable systems, though its practical implementation
demands high computational resources. Sliding Mode Control (SMC), as in [58], provided
strong robustness against disturbances but led to high-frequency oscillations. Adaptive neuro-
controllers, like the one in [59], showed adaptability to changing dynamics, yet they required
extensive training data and significant computational capacity.

Other works, such as [60], explored adaptive control techniques, which allow real-time
tuning of controller parameters in response to changing operating conditions. However, they
may suffer from stability issues under large disturbances. Optimal control methods [55] and
Al-based tuning algorithms such as Genetic Algorithm (GA) [62], Particle Swarm Optimization
(PSO) [63], and Swallow Swarm Optimization (SSO) [64] have improved tuning efficiency but
faced challenges like slow convergence and sensitivity to initial conditions.

Newer optimization algorithms such as KHA [53], ACO [65], and HSA [66] showed
varying levels of effectiveness depending on system characteristics. Additional algorithms like
GWO [67], FA [68], Bat Algorithm [69], MFO [70], and CSA [71] have also been tested,
though many still require further investigation to validate their practical performance.

In light of the above, this study aims to explore and develop improved control strategies
using advanced optimization algorithms, with the goal of enhancing controller performance in
isolated microgrids and increasing their efficiency in responding to dynamic operational
changes.

1.15. Conclusion

In this chapter, we examined microgrids as an innovative solution to modern energy
challenges, exploring their historical development, main components, and various
classifications. We also discussed the energy sources used within these systems and their key
advantages in promoting environmental sustainability, reliability, and economic efficiency
particularly in remote and underserved areas. Additionally, we addressed the major challenges
hindering their widespread adoption and reviewed practical applications where microgrids have
demonstrated high effectiveness. It is clear that microgrids represent a strategic move toward a
more sustainable and flexible energy future.

In the next chapter, we will focus on the modeling and simulation of microgrid systems,
presenting the technical and mathematical foundations required to evaluate their performance
and enhance their adaptability under varying operational conditions an essential step toward
developing smarter and more resilient power networks.
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Chapter II Modeling of Microgrid with Electric Vehicles

I1.1. Introduction

This chapter focuses on modeling the main components of the proposed microgrid
system, which integrates renewable energy sources such as photovoltaic (PV) panels and wind
turbine generators (WTGQG), along with auxiliary conventional sources like diesel generators and
fuel cells. This combination aims to ensure continuous power supply, especially during periods
of low renewable energy sources (RES). The proposed system also incorporates an energy
storage unit based on electric vehicle batteries, with particular attention given to modeling this
vital component due to its key role in energy balancing.

Accurate modeling of each microgrid component forms the foundation for analyzing
overall system performance and understanding its behavior under various operating conditions.
Given the intermittent and unpredictable nature of renewable energy sources, there is a growing
need to develop effective control strategies that enable the system to maintain balance between
generation and consumption.

I1.2. Microgrid Component Modeling

This figure I1.1 illustrates the operating principle of a hybrid microgrid system primarily
designed to control frequency deviation caused by sudden fluctuations in power between
generation sources and loads. The system integrates renewable energy sources such as
photovoltaic panels (with a capacity of 1 MW) and wind turbines (with a capacity of 1.4 MW),
as well as mobile storage units like plug-in hybrid electric vehicles (PHEVs), which serve as
supporting units to reduce frequency deviation. Additionally, it includes a diesel engine
generator (DEG) as a backup source with a capacity of 7.2 MW operating at a lagging power
factor [31].

The central controller plays a crucial role in improving overall frequency stability by
coordinating the power flows among the various components (APpy, APwtr, APpEG, APPHEV) In
response to load changes (AP1) and frequency variations (Af). This controller makes rapid
dynamic decisions to minimize frequency deviation and maintain system reliability by
leveraging the flexibility of renewable energy sources, the fast response of hybrid electric
vehicles, and the support provided by the diesel generator when necessary [74].
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Figure I1.1: Overview structure of the MG system.

To understand the system’s dynamic variations and select the optimal controller to
ensure frequency stability, it is necessary to analyze the system and formulate it into an accurate
mathematical model. This model is used to study the system’s response to small disturbances
and to assess the reliability and stability of the resulting frequency deviations. This analysis
starts from the power balance equation (II.1), which expresses the difference between the power
demanded by the loads and the power available from generation sources [52].

AP = APs—AP; (IL1)
Ps = Poy + Pirg + Porg + Peuey (IL.2)

Sudden changes in electricity demand (AP;) directly affect the system frequency (Af) ,
which necessitates accurate modeling to study this dynamic behavior and to design optimal
controllers that ensure frequency stability. To understand the origin of this relationship, we start
from the law of conservation of energy and the dynamics of rotation in equation (II.3), which
state that any imbalance between the generated and demanded power leads to a change in the
kinetic energy stored in the rotating masses of turbines and generators. This kinetic energy is
related to the angular speed @ (which is directly linked to the system frequency /') and is
expressed by the following relation:

E==.].w? (IL3)
Where:

J (J): Moment of inertia.

w (m): Angular speed of the generator (directly related to the grid frequency).
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When a sudden change in load (AP) occurs, it creates an instantaneous imbalance
between the generated and consumed power, leading to acceleration or deceleration of the
rotating masses and thus causing a change in frequency. This effect can be expressed by stating
that the net power entering or leaving the system equals the time rate of change of the stored
kinetic energy, according to the relation [36]:

a(E)

AP=7=].W.

aw)

o (I1.4)

That is, the change in kinetic energy over time equals the net power entering or leaving the
system.

The frequency f is directly related to the angular speed w by the following equation:

w=2.1f (IL.5)
Thus:
AP =J.w.2.m5L (IL6)

In power system engineering, to simplify the dynamic analysis of frequency deviation,
the concept of the system’s equivalent inertia constant is used, which is defined by the following
relation:

M=2mn]w (I1.7)

Using this coefficient, the relationship between the instantaneous change in net
power AP and the rate of change of frequency (df/dt) can be expressed in the following
simplified form:

—yY
AP =M.2 (IL8)

In reality, no mechanical or electrical system can be perfectly ideal; there are always
losses arising from various factors such as friction in rotating parts, air resistance, and magnetic
and eddy current effects inside generators. These losses are collectively represented by what is
known as the damping coefficient D, which indicates the power required to compensate for
these losses when a frequency deviation occurs [50].

Consequently, when there is an instantaneous frequency deviation Af, the power
consumed to offset this damping loss is calculated as follows:

Paomping = Af .D (11.9)
Where:
D: Damping coefficient

When a sudden change in power occurs within the electrical power system, part of this
: : A
power is used to accelerate or decelerate the rotating masses, expressed by the term M -%. At

the same time, another part is lost due to damping caused by friction and dynamic losses,
represented by D*Af. Consequently, the overall relationship is written as [50-53]:

AP =M% 4 p.af (I.10)

To analyze the dynamic relationship between the change in net power AP and the change
in frequency Af in the time domain, the differential equations are often complex and difficult
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to solve directly. Therefore, the Laplace transform is used as a powerful mathematical tool that
allows us to convert differential equations in the time domain into algebraic equations in the
frequency domain (S domain). This step greatly simplifies the process of analysis and controller
design, as it enables the study of the system’s response and the determination of the transfer
function that links the system’s inputs and outputs [54].

By applying the Laplace transform to the mathematical model of frequency deviation,
we obtain the relationship in the frequency domain:

AP(s) = (M.s + D). Af(s) (IL11)

From this, we can derive the transfer function representing the frequency response to power
changes:

Af(s) 1
F(s) = AP(s) = Ms+D (IL.12)
This function shows how changes in the net power affect the system frequency, and it
also illustrates the different roles of the inertia and damping coefficients in frequency stability.
To further analyze the system's response, we now move on to equation (II.13) the system
frequency equation, which explicitly expresses the relationship between frequency and power
variations.

Af(s) =

1
M.s+D

AP(s) (IL.13)

1
M.s+D

Af(s) = [ Pov + Pt + Poeg + Peuev ] (I.14)

Based on this, these mathematical models are employed to analyze small-signal
behavior and assess the reliability and stability of the system by representing the main microgrid
components such as PV, WTG, DEG, and PHEV using first-order transfer functions. This step
is essential for developing intelligent control strategies aimed at reducing frequency deviation
and ensuring safe and flexible system operation. Accordingly, I will analyze each power source
within the microgrid separately to study its dynamic characteristics and its impact on frequency
stability.

I1.2.1. Photovoltaic systems (PV)

The PV system is an integrated system designed to convert solar radiation energy
directly into usable electrical energy, relying on PV cells. This principle is based on converting
solar radiation into electricity, a phenomenon discovered by the Becquerel family and presented
to the French Academy of Sciences at the end of 1839. The photovoltaic cell is the key element
that enables this conversion, as its electrical characteristics resemble those of the photovoltaic
power source [32].

Since a single photovoltaic cell typically produces a low voltage, usually not exceeding
about 0.6 volts, using it alone does not meet the requirements of practical applications. To
overcome this, multiple cells are assembled into a larger unit called a PV module. In these
modules, the cells are connected in series and/or parallel and encapsulated within a weather-
resistant structure to ensure durability.

For example, a 12V module is usually made up of around 33 or 36 cells connected in series,
although the module’s open-circuit voltage can exceed this value. There are also modules
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containing up to 72 cells connected in series, sometimes known as "42V modules." Some of
these modules can be configured in different ways:

v" As a 24-volt module when all 72 cells are connected in series.

v' Asa 12-volt module when the cells are divided into two parallel strings, each consisting
of 36 cells connected in series.

To obtain higher electrical power, multiple PV modules can be connected in the following
ways:

e In series: to increase the voltage.
e In parallel: to increase the electrical current.

Determining the number of modules and how to arrange them is an important step in
designing the photovoltaic system to ensure that the required energy needs are met. The
complete assembly of these modules is known as a photovoltaic array (PV array), as shown in
Figure I1.2.
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Figure I1.2: PV Cell, PV Module, and Array of Modules.
I1.2.2.1. Modelling of PV system

PV system can be represented by the well-known electrical equivalent circuit called the
single-diode model. It consists of a photocurrent source Ipn, which represents the current
generated as a result of photon absorption from solar irradiation; a diode D that models the
nonlinear behavior of the P-N junction within the solar cell; a series resistance Rs that accounts
for losses in the connections and material; and a parallel resistance Rsh that represents internal
leakage currents, as illustrated in Figure I1.3 [72].
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Figure I1.3: Model of the PV cell considering voltage and leakage current [72]

Based on Figure I1.3, the output current of the solar cell can be expressed by the following
equation:

Ign + Ip + Lyp = Ly, (IL15)

Where : Ipn: the current generated by solar irradiation, Ip :the diode current, Ish. is the leakage
current through the shunt resistance.

However, when performing dynamic stability analysis, we are often interested only in
the small variations around a steady operating point, where the direct effect of changes in
solar irradiation is mainly reflected through Ipn. Therefore, in the initial analysis, the effects of
Ip and Ish can be neglected to obtain a simplified linear approximation [72-73]

Lyp = Ly (IL.16)

Since the photocurrent Ipn depends quasi-linearly on the solar irradiance I, it can be expressed
as:

Lyn = K. I, (I1.17)
Where: K : is a constant that depends on the cell’s characteristics and the number of panels.
Since the output power is calculated as the product of voltage and current:

Ppy = Ipy. Vpy (I1.18)

Therefore, increasing the solar irradiance leads to an increase in the generated current,
and consequently, an increase in the output power of the system.

However, the output power of the PV system also depends on the overall system
efficiency 7,,. which is influenced by several factors. The most important of these are the
reference efficiency of the solar cell 7,., the efficiency of the power circuits 7, , and the effect

of the cell temperature Tc, which reduces efficiency as the temperature rises. The overall
efficiency is given by the following relation:

v = N Npe(1 = B(T, — NOTC)) (11.19)

Where: f: is the temperature coefficient representing the efficiency drop due to temperature
increase, NOCT: is the nominal operating cell temperature.
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The temperature of the solar cell itself depends on the ambient temperature T, as well
as the solar irradiance, and it can be estimated using the following empirical relation:

T, = 30 + 0.017(I, — 300) + 1.14(T, — 25)

(I1.20)

This equation I1.20 clearly shows that an increase in solar irradiance I r leads to a rise
in the cell temperature Tc, which also depends on the ambient temperature Ta. This rise in
temperature results in a reduction of the overall efficiency of the photovoltaic cell, thereby
decreasing the output power of the system. To validate these results experimentally, we
conducted a test using a solar panel model of type SP75 from SIEMENS company, where the
model was developed and simulated using ORCAD [73].
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Figure I1.4: PV cell model in Orcad

LOAD
{Rpar}

0,48V
50 i il
' I-V Characteristics

4,0
&"‘ Irradiation power 1000W/m?
o 30
=
£ 20 :
= | 1
O .40 .

085 0.1 0.2 0.3 04 Eu.s 0.6 0.7

25 ;

20 2.13W  —— P-V Characteristics
— Iradiation power 1000W/m?
=15
M 25°C I \
% o 30°C :

40°C '
© o5 50°C . \
60° )
98,0 0.1 0.2 0.3 0.4 05 0.6 0.7
Cell voltage (V)
Figures I1.5: I-V and P-V Characteristics of the Cell under 1000 W/m?
and Variable Temperature
UHBC 2025 Page 46



Chapter II Modeling of Microgrid with Electric Vehicles

The impact of this temperature rise is clearly observed in the curves presented in Figures
I.5 In the current—voltage (I-V) curves, increasing temperature leads to a decrease in the
voltage at the maximum power point, while the current remains almost constant. In the power—
voltage (P—V) curves, this voltage drop results in a noticeable reduction in the maximum
available power of the system.

After combining these factors, the output power can be expressed in a simplified form:
Pyy = Npye Ay 1 () (I1.21)
Where : Apy : the total area of the PV panels.

When the ambient temperature is fixed (or its effect is compensated in advance), the
relationship simplifies to:

Py = 1. Apy. I(1) (11.22)

Here, m is considered approximately constant, representing the overall efficiency after
accounting for the effect of temperature.

To study the response of the PV system to small fluctuations or disturbances in
environmental variables, such as solar irradiance or temperature, we use what is known as
small-signal analysis. This method is based on assuming the existence of a fixed operating
point, which represents the steady-state condition of the system under specific input values,
such as the solar irradiance I,q and the cell temperature T,,[73].

When small disturbances occur around this point, the variables can be represented as follows:
I, = I + Al (I1.23)
Pyy = Pyyo + ARy, (I1.24)

where: I;o: the value of solar irradiance at the steady operating point. Al;: the small increase or
decrease in irradiance around that point. Ppyo: the power produced at the steady operating point.

APpy: the small change in the output power resulting from these disturbances.

The advantage of this analysis is that it transforms the nonlinear system (due to the
nonlinear relationships between power, irradiation, and temperature) into a simplified linear
model that can be easily studied using linear analysis tools.

This allows us to understand the system’s behavior under the influence of rapid or small-
scale fluctuations, such as the passing of a light cloud or a slight change in temperature, without
the need to solve the full nonlinear model again.

By substituting into power equation (I1.22):
APy, = 1. Ap,,. AL(1) (I1.25)
And we define the static gain of the system:
Kpy =10.Ap, (I1.26)

So it becomes
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APy, = Ky AL (1) (11.27)

In reality, the output power of a PV system does not respond instantaneously to sudden
changes in solar irradiance. This delay is due to the presence of dynamic elements in the system,
such as the response time of Maximum Power Point Tracking (MPPT) algorithms, as well as
the effects of DC/DC and DC/AC converters and storage components (e.g., capacitors) within
the circuits. To represent this dynamic behavior, the PV system can be modeled as a first-order
system characterized by a time constant Tpy, which reflects the system’s response speed. This
model is expressed by the following equation [50-63]:

dAPyy

Ky ALL(t) = APy, (t) + Tpy. = (I1.28)
Taking the Laplace transform:
K- AL(S) = AP, (S)(1 + Tpy) (I1.29)
We obtain the transfer function:

_ APpy(S) _ Kpy
Gpy = AL (S) ~ TpyS+1 (I1.30)

11.2.2. Wind Turbine Generator (WTG)

A Wind WTG system fundamentally relies on converting the kinetic energy of the wind
into mechanical energy that rotates the turbine shaft, which is then converted into electrical
energy using an electric generator (usually an induction generator or a synchronous generator).
The wind turbine itself is the main component of the system, and its power output has a
nonlinear relationship with wind speeds [36].

For the sake of this research, the wind turbine system considered here is a single wind
turbine with variable speed and variable pitch control, featuring a horizontal axis and lift-type
blades as illustrated in Figure I1.6.
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Figure 11.6: Components of a Wind Turbine System [51]
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11.2.2.1. Modelling of WTG system

The drivetrain consists of a Permanent Magnet Synchronous Generator (PMSG). The
generated electrical power is delivered to the Point of Common Coupling (PCC) via a back-to-
back converter and filtering system. The voltage source inverter (VSI) operates in grid-feeding
mode, assuming a balanced and symmetrical grid, as illustrated in Fig. 11.7 [36-38].
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Figure I1.7: A Typical Wind Energy Conversion System

With this integrated design, the wind turbine system can effectively convert variable
wind energy into electrical power, suitable for either grid-connected applications or standalone
systems [36].

The kinetic power of the wind passing through the turbine’s swept area is calculated using the
equation:

Pwrc =5.p- AV IL.31
Where

p: air density.

A: swept area = R>.

This equation clearly shows that the power extracted from the wind depends heavily on
wind speed (since it is proportional to the cube of the speed), as well as on air density and the
effective area of the turbine.

However, in practice, the wind turbine cannot convert all the available kinetic energy of
the wind into mechanical energy due to physical and technical limitations. From a physical
perspective, it is impossible to completely stop the airflow behind the turbine, as the wind must
continue moving to maintain its flow, which naturally leads to a loss of part of the energy.
Technically, there are design constraints such as the shape of the blades, their pitch angle, as
well as friction losses in the shaft and the overall efficiency of the mechanical components. To
account for these factors, the power coefticient Cp is defined, which represents the fraction of
the wind’s kinetic energy that can be effectively captured by the turbine. Thus, the mechanical
power output of the turbine is given by the following equation [52]:

Pt = PWTG'CP(A! ,8) (II32)
Where,
Cp: Coefficient of power defined by the Betz limit.

P¢: the extracted mechanical power.
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The coefficient Cp is defined as a factor that determines the maximum fraction of wind
energy that can be converted into mechanical energy, according to Betz’s law (Betz limit),
which theoretically states that the maximum possible value is around 0.59.

However, in practice, the power coefficient Cp is not constant; rather, it depends on several
operational variables, the most important of which are:

— The angular velocity of the shaft
— The pitch angle of the blade 8

— The tip speed ratio A which is defined as follows:A = I;—W

w

It is often represented using empirical functions to approximate the actual relationship
based on manufacturer data or experiments. For example, in this model we use the following
equation [31]:

Cs

Cp = C, [j— — C3.f = Ca| e M + Co.2 (11.33)

Where: C1,C2,C3,C4,Cs,Cs : constants > 0
for the sake of this research, Cp is established as follows [55]:
C1=0.0068, C2=116, C3= 0.4, C4 =5, Cs=21 and Ce= 0.0068

1 1 0.035 R
A A+0.0088  B3+1 (IL.34)

After obtaining the mechanical power extracted from the wind Pwrg by the turbine, this
power is converted into usable electrical power through a series of electromechanical
components. The generator directly converts the mechanical power into electrical power.
Subsequently, power converters, such as DC/AC inverters, are employed to regulate the voltage
and frequency in accordance with grid or system requirements [53].

The electrical power output from this process is influenced by the overall efficiency of
the system, which is calculated as the product of the efficiencies of these three main
components:

Nwre = I’l,generator- Neonverter (H-35)
where:

Ngenerator: the efficiency of the generator, which is affected by its design and power losses in
windings and magnets.

Neonverter: the efficiency of the power converters, which depends on the conversion technology
and its advancement.

Therefore, the actual electrical power obtained at the output of the system can be calculated as:

Pyre = Pe-Nwre (I1.36)
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This relationship directly highlights the importance of improving efficiency at every
stage of the energy conversion process to increase the amount of electrical power generated
from the same amount of mechanical power extracted from the wind.

To study frequency stability in a wind energy system, it is important to understand the
effect of small variations in wind speed on the electrical power output of the turbine. Assuming
that the instantaneous wind speed Vy deviates slightly around a steady operating point Vo, we
can express it as [31]:

Vi = Vo + AV, (I1.37)
Similarly, the electrical power output Pwrc will also deviate around its nominal value Pwrco
Pwre = Pwrgo + APwre (I1.38)

Since the electrical power output of a wind turbine system mainly depends on the cube
of the wind speed V3, we can study the effect of small variations in wind speed on the output
power by calculating the partial derivative of this relationship. At a steady operating point Vo
where the nominal output power is Pwrco, the derivative is given by [54]:

dapP 1
P = 3430 Cpe A p) (1L.39)

We calculate the value of this derivative at the rated wind speed.

I = 3.V30G-1. Cpr A p) (11.39)

VWO

But note that the rated power Pwrao is also calculated at the same Vwo
1
Pwr  =3.Vin(G-1.Cp.A.p) (11.40)

Dividing Pwrco by Vwo gives

P;Vﬁ =3.V2 (3-n.Cp A p) (1L.50)
APwre _ 3. Pwrco (IL.51)
avy, Vwo

APyrg = 3742 4y, (1L.52)
w0

Accordingly, we define the static gain of the system:

Kyre = 3.20r60 (11.53)

Vwo
Therefore :
APWTG = KWTG'AVW (1154)

Due to the inherent physical characteristics of WTG, the output power does not respond
instantaneously to sudden variations in wind speed. This behavior is primarily attributed to the
mechanical rotating components, such as the blades and rotor, which possess mass and
rotational inertia. This inertia enables the storage of kinetic energy, thereby smoothing rapid
fluctuations and preventing the output power from tracking every minor variation in wind
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speed. While this enhances system stability, it also introduces a delay in the power response
[50].

Additionally, wind turbine systems typically include control mechanisms such as pitch
control systems and speed control systems. These systems require time to process signals, make
decisions, and actuate mechanical components, which further slows down the system’s
response to variations in wind speed [51].

To accurately represent this dynamic behavior, a simplified first-order linear model
(first-order transfer function) is often used. This model can be expressed by the following
differential equation:

d(ap
KWTG' AVW = TWTG'% + APWTG (II.56)

where:
Twra: the time constant, representing how quickly the system reacts to changes.

Kwra: the static gain, which defines the steady-state relationship between wind speed variations
and output power changes.

AVy: the instantaneous change in wind speed.
APwra: the resulting change in the turbine’s output power.

This model helps us better understand and predict how the system responds when wind
speed fluctuates. It is also used in design and analysis processes to ensure the turbine operates
within safe and desired performance limits.

To represent the dynamic behavior of the wind turbine power output, we use the
frequency domain through the Laplace transform. This representation captures the effect of
inertia and the delay in the system’s response to changes in wind speed. As a result, we obtain
a first-order transfer function expressed as:

_ 4APwrc(S) _  Kwre
T R —— (1L.57)

I1.2.3. Plug-in Hybrid Electric Vehicles (PHEYV)

Figure II.8 shows the shape of the PHEV, which is considered an active and flexible
component in the architecture of modern microgrid systems. It performs two main and
complementary functions. The first function is acting as electrical loads when their batteries are
charged from the grid. The second, and more important function in the context of system
stability, is the ability of these vehicles to act as power sources when needed; they can feed the
energy stored in their batteries back into the grid, helping to compensate for sudden drops in
the production of renewable energy sources such as wind and solar power [32].
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Figure I1.8: Structure of Plug-in Hybrid Electric Vehicles (PHEVs) in modern MG

11.2.3.1. Modelling of PHEV System

The response of PHEV vehicles is controlled by the frequency deviation signal in the
grid (Af). When there is a drop in frequency (Af < 0), this indicates a shortage in generation
capacity, so the vehicles discharge part of the energy stored in their batteries to support the grid.
Conversely, if there is an increase in frequency (Af > 0) due to excess generation, the vehicles
start charging to absorb this surplus and help restore the frequency to its nominal value. This
response is mathematically represented by a control output signal Kev, which is directly related
to the frequency deviation [74]:

Key = Kgy max-Af (I.58)
where:

K Evinax: the maximum value that the participation factor can reach, determined during the design
phase based on the battery’s characteristics.

Af: the frequency deviation from the nominal value.

After determining the value of the participation factor Kgv , which represents the level
of contribution of PHEVs to grid stability, as well as defining the droop characteristic that is
used to reduce the system’s excessive sensitivity to frequency deviations, the central controller
calculates and generates the control signal AUc according to the following relation [54]:

AUy = Kgy — Y. Af (1L.59)

Where: Kgv: Represents the required response or the maximum participation capacity that can
be provided by the electric vehicles.

Af-Y: Represents the effect of the droop characteristic applied to reduce the sudden change in
the system’s response due to the frequency deviation Af, through the droop constant Y.

y = Xev (11.60)

Rtll]

Rav: reflects the flexibility of the system’s response.
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When a frequency deviation Af from the nominal value occurs, PHEV vehicles are used
to support the grid by charging or discharging their batteries. The output power from a single
vehicle, APpygy, depends linearly on the frequency deviation, while taking into account the
physical constraint represented by the maximum power limit Pmax, according to the following
equation.

—APyax Uc < —APyax
APpygy = { —APumax Uc > —APyax (IL.61)
UC ;l UC IS APMAX

Here appears the participation gain Kev,i for vehicle i, which is not constant but depends
on the battery’s state of charge (SOC), as illustrated in Fig. I1.9. Within the ideal SOC range
between SOCa and SOCDb, the gain remains at 1 (Kgv,i=1), ensuring full participation in
supporting the grid, while it gradually decreases outside this range until it reaches zero at SOCa
or SOCc. This adaptive strategy, shown in Figuer. I1.9, ensures that the vehicle neither charges
nor discharges in a way that could harm the battery or reduce its lifespan [54].
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Figure I1.9: Representing the charging and discharging EV

When a deviation in the grid frequency occurs, PHEVs collectively contribute to
supporting grid stability by charging or discharging their batteries. To calculate the total power
output from all participating vehicles, the following equation is used:

APpygy = Ney * APpygy (I1.62)
Where: Niy: represents the number of vehicles participating in the support process:

Electric vehicle batteries, specifically PHEVs, cannot respond instantaneously to sudden
changes in grid frequency due to their internal physical and electrical limitations. Among these
are the internal resistance of the battery, the current inertia presents in the associated electronic
circuits, and the constraints of the control and management systems that process the charge and
discharge commands. To accurately represent these dynamic behaviors, the model incorporates
what is known as the battery time constant Tgy. This parameter describes the approximate time
required for the battery to reach its target output power following a change in the control signal
[31-54].

This leads to a first-order differential equation that describes the evolution of the output
power from the fleet of PHEVs over time:
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Nev. (AUG = Af.Y) = Tgy 20 4 APy, (I1.63)
where:

APpuev: the change in output power provided to support the grid.

NEev: the number of participating vehicles.

AUc: the centralized control signal generated by the controller.

Af: the deviation of the frequency from its nominal value.

Y: the droop coefticient that smooths the system's response.

This equation shows that the output power does not immediately follow changes in the
control signal. Instead, it gradually evolves over time according to the time constant Ty . In
other words, when a sudden change occurs in the control signal or frequency, the battery’s
response is not instantaneous; it ramps up progressively until it reaches the new target value.

By including this dynamic model, the system reflects real-world behavior more accurately,
which helps in designing a more effective control system that accounts for the battery's physical
limitations and ultimately improves the stability of the electrical grid.

To analyze stability in the frequency domain, we apply the Laplace transform to Equation I1.63.
(Y.Af(S) = AU(S)). Ngy = APpygy. (1 + Tgy) (I1.64)

Thus, we obtain the transfer function:

Goupy = Ngy.(AUc(S)—Af(S).Y) (IT.65)

S.Tgy+1

11.2.4. Diesel Energy Generator (DEG)

The DEG is one of the essential conventional components in a microgrid system,
especially in cases where there is a shortage in power generated from renewable energy sources
such as wind and solar. The diesel generator is characterized as a dispatchable power source,
making it suitable for maintaining grid stability. However, it is subject to physical limitations
such as response delay and mechanical control system characteristics. Moreover, the diesel
engine is considered a reliable backup option once the energy from renewable sources is
depleted and the electric vehicle batteries are discharged, as it can be relied upon to supply the
minimum required power for system continuity [50].

A DEG consists of a diesel engine and an electric generator. It works by converting the
chemical energy stored in diesel fuel into usable electrical energy. The engine transforms diesel
fuel into mechanical energy by rotating the crankshaft as a result of fuel combustion in the
cylinders. This mechanical energy is then used to drive the alternator, which converts the
mechanical power into electrical energy through magnetic induction. An Automatic Voltage
Regulator (AVR) ensures stable output voltage levels. Additionally, the diesel generator
includes other components such as mechanical couplings, speed regulators, a supporting
chassis, a startup battery, a fuel tank, and a control panel. Figure I1.10 illustrates a simplified
block diagram of the diesel generator [54-63].
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Figure I11.10: Functional Block Representation of the Diesel Generator

11.2.4.1. Modelling of DEG System

The DEG relies on an internal combustion engine running on diesel fuel to drive an
electric generator and produce power. When a frequency deviation (Af) occurs in the grid, the
amount of fuel supplied to the engine can be adjusted to increase or decrease the output power,
aiming to restore the nominal frequency. This process is managed by the mechanical control
system (Governor), which automatically regulates the fuel input based on the frequency
deviation. However, due to the inertia of the rotating components, the response is not
instantaneous. The relationship between mechanical power and frequency deviation is given by
[74]:

1

APpge = - (11.66)

DEG

Where:
APpEg: the change in the mechanical power delivered to the generator.

Rpeg: the droop coefficient of the generator (represents the allowed frequency deviation in
response to a change in power).

The governor's effect in a DEG is not instantaneous, as there is a delay in response due
to the mechanical system's characteristics. This delay is modeled by introducing a time constant
TpEa, leading to a first-order differential equation that describes the mechanical power response
as follows:

L Af = APpgg + Tpgg. JoERES) (IL67)

RDEG dt

Where: Tpg: The time constant, which depends on the characteristics of the generator, engine,
and control system.
To analyze the system behavior in the frequency domain, the Laplace transform is used:

1

Af(S) = APpp(S)(Tpee + 1) (I1.68)

RpEG

G _ APpE _ 1
DEG ™ 4£(s) ©~  Rpec(1+S.Tpgc)

(11.69)

UHBC 2025 Page 56



Chapter II Modeling of Microgrid with Electric Vehicles

I1.3. Design and Modeling of the Microgrid in MATLAB Environment

After conducting a detailed mathematical analysis of each energy source such as PV
systems, WTG, DEG, and PHEV a complete MG system was developed using the MATLAB
environment. This was achieved by creating custom functions for each individual component.
Each source was modeled using its own differential equations or transfer functions, and the
components were then integrated into a unified structure through an Energy Management
System (EMS), which coordinates power generation, storage, and load supply. Figure 11.11
illustrates the overall architecture of the microgrid, where the various energy sources are
interconnected in a way that reflects their interactive behavior within the system. It is worth
noting that all constant values and parameters used in modeling the system components are
listed in Table II.1.

DEG L
3 APprg :l Ap Ap
L

RoepiSToes + 1) M50

Figure I1.11: Proposed Overall Structure of the Integrated Microgrid System in MATLAB Environment

Table II.1: Parameters and Constants Used in Modeling the Microgrid Components [71]

Parameter Value Parameter Value
M(S) 0.1667 TpeG 0.025
D(puMW) 0.015 KbeG 2
Tpv(S) 1.8 T 250
Twre 2 Kpy 1

Tev 0.1 Kwrg 1
Ra(HZ/puMW) | 2.4 Nev 600

I1.4. Modeling the Temporal Variations of RES and Load

The inherent intermittency and randomness of renewable energy sources (RES), such as
solar and wind power, represent a major challenge in maintaining system frequency and
stability in microgrid applications. These sources are highly dependent on environmental
conditions, such as solar irradiance and wind speed, which exhibit non-linear and stochastic
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behaviors. Therefore, it is essential to incorporate mathematical models that accurately reflect
these variations by combining randomness and sudden temporal shifts [53]-[63].

To simulate these characteristics, the following general equation is used to represent the power
output from each energy source:

_ (pnB.(1-G()+B _
p = ( - ).T =T.X (11.70)

Where:

p: Power generated by the source (solar or wind)

¢: Randomness coefficient (modeled as a uniform distribution)
B: Average generated power

n: Conversion coefficient of generated power

G(s): Transfer function representing system dynamics

T: Sudden change rate in power output

X: Per-unit standard value of the energy type

I1.4.1. Modeling Variations in Solar Energy

Solar power output is directly affected by solar irradiance, which fluctuates due to cloud
cover, atmospheric conditions, and the sun’s position. Hence, modeling its variability requires
considering both random and sudden changes in irradiance [53].

The following parameters are used to simulate solar energy fluctuations:
= 1 1 = . = 1 — —
T = 0.24.h(t) — 0.04. h(t — 140) (IL.71)
e ¢ is modeled as a uniformly distributed random variable (though in this case, constant).

e 7 represents the efficiency of solar energy conversion.

e The function T includes a sudden drop at t=140 seconds, mimicking a transient
reduction in irradiance (e.g., cloud shadowing).

e The Heaviside function h(t) is used to simulate these abrupt transitions.
I1.4.2. Modeling Variations in Wind Energy
Wind power generation is sensitive to the randomness of wind speed and direction,

which fluctuates significantly even over short time periods. A similar modeling approach is
adopted here, with adjusted parameters reflecting wind dynamics:

¢=U(1), n=09, =10, G(s)=

T = 0.05. h(t) — 0.02. h(t — 180) (11.72)
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e Wind energy has a slightly higher conversion efficiency n =0.9A
e A sudden decrease in power output is simulated at t=180 seconds.

e The difference between the positive and negative terms in T reflects a slower and more
dispersed response in wind energy systems compared to solar PV systems.

I1.4.3. Modeling Variations in Electrical Load

Frequency deviations in the microgrid are not only caused by fluctuating generation, but
also by time-varying loads. These loads may change abruptly due to industrial processes,
consumer behavior, or switching events. The load variation model accounts for a series of
sudden shifts over time [63]:

¢=U1), n=09, B=10, G(s)=

T = 0.05.h(t) — 0.02.h(t — 180) ({IL.73)

The change in the load is based on the following parameters:

1
300.S+1+ 1800.S +1

¢=U(L,1), n=08, pf=10, G(s)=

0.9.h(t) + 0.03.h(t — 110) + 0.03. h(t — 130) +
T=2 0.03.h(t — 150) — 0.15.h(t — 170) + +0.02.h(t) (I1.74)
0.1h(t — 190

The figure II.12 represents the mathematical model that combines randomness and
temporal variations in energy production from renewable sources, reflecting the impact of
sudden fluctuations on the electrical system. It also illustrates how the function T(t) is used to
represent the instantaneous changes in solar and wind energy as well as load variations within
the network.

h—ﬂi f_ —’X-—;(X)—' —(D

A >
Product * Pwe— output
Bar;:.i -Iimi?ed R 300.S Divide
White Noise » 3005+ 1 0.?
A
»| Sqrt
0.5
WP-base

Figure I11.12: Dynamic Model of Renewable Energy and Load Variations Incorporating Randomness and
Sudden Changes
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Figure 11.13: Graphic of load, wind and PV power variation

The figure I1.13 represents the variation in energy output from renewable sources (solar
and wind) and the change in electrical load over time. It is generated based on the application
of the mathematical models and equations previously presented. The green curve reflects the
output from the solar energy variation model, while the blue curve illustrates the wind energy
behavior. The red curve represents the load variation as defined in the model. This figure is
used to analyze the impact of randomness and sudden temporal changes on the stability of the
electrical system within the microgrid environment.

I1.5. conclusion

In conclusion, this chapter has presented accurate mathematical models for the
components of the proposed microgrid, including renewable energy sources such as
photovoltaic panels, wind turbines, and hydroelectric generators, as well as conventional
sources like fuel cells and diesel generators. The modeling also included electric vehicle
batteries, which represent one of the most important modern storage technologies for supporting
grid stability and enhancing operational efficiency. For the purpose of frequency-domain
analysis in the small-signal model and the implementation of various control strategies, all
components were represented using first-order transfer functions. These models form a solid
foundation for system stability analysis and the design of effective controllers. Building on this
foundation, the next chapter will move to the simulation phase, where various types of
controllers will be utilized alongside optimization algorithms and techniques, aiming to
improve the efficiency and stability of microgrid operation.
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Chapter 111 Frequency Stabilization of Microgrid Using Multi-Stage PID
Controller and Optimization Techniques

II1.1. Introduction

In this chapter, the focus is placed on one of the major challenges facing microgrid
systems, namely frequency fluctuations resulting from sudden changes in load demand or
renewable energy generation. Such disturbances can directly affect system stability and quality

of service, which necessitates the adoption of effective control strategies to mitigate their
impact.

Initially, the Multi-Stage PID (MPID) controller is studied, and its parameters are tuned
using conventional methods such as Ziegler—Nichols (ZN) and Coefficient diagram method
(CDM). Subsequently, intelligent optimization algorithms, including the Cuckoo Search
Algorithm (CSA) and Ant Colony Optimization (ACO), are employed to further improve tuning
efficiency and enhance the dynamic performance of the system. This chapter also presents a
comparative analysis between the classical PID controller and the MPID controller in order to
highlight the advantages achieved by the proposed approaches. All tuning and optimization
methods are tested under a set of potential disturbances affecting the microgrid system, and the
frequency deviation responses are analyzed and discussed.

I11.2. Problem Statement and Motivation

Figure II.11 represents the islanded microgrid system in the absence of any control
mechanisms. In this model, the system’s response relies solely on the intrinsic characteristics
of each energy source, without the presence of a control unit to regulate and coordinate
frequency balance. Moreover, Figure III.1 illustrates the impact of climatic factors on frequency
deviation and system instability, highlighting the urgent need for an effective control strategy
to ensure system stability and reliable operation.

0.01 1 1 1 1 =

.01

-0.02 —

-0.03 -

Frequency diviation (HZ)

0.05 —

-0.06 [~

0.07 - ! ! ! ! ]

] 50 100 150 200 250
Time (S)

Figure II1.1: Simulation Results Prior to Enhancement
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Before selecting the appropriate controller to manage frequency deviation in the
microgrid system, it is essential to represent the entire system using a unified transfer function
that reflects its overall dynamic behavior. This representation enables the analysis of the
system's response to various disturbances and the study of its stability in both the time and
frequency domains. It is achieved by integrating the individual models of the different energy
sources and linking them to the overall system dynamics, which are typically simplified into a
single-block model, as illustrated in Figure III.2. This unified representation is a fundamental
step toward understanding the system’s dynamic characteristics and identifying the most
suitable controller to enhance performance and ensure stability under load fluctuations and
changing weather conditions.

U(t) e(t) Af()

Figure I11.2: Simplified Block Diagram of the Microgrid System with Controller

Based on this simplified representation, the transfer function of the microgrid system
shown in Figure II.11 can now be derived. This function mathematically expresses the
relationship between the system's input disturbances namely load variations and fluctuations in
renewable energy sources and the resulting frequency deviation at the output. It serves as a
fundamental tool for analyzing the system's dynamic response and is used in the design of
appropriate control strategies. The transfer function encapsulates the essential dynamic
behavior of the interconnected components within the system, thereby enabling the application
of control techniques. It is represented as follows:

Based on the model illustrated in Figure (II.7) and Equation (I1.14), the transfer
function that relates the load variation APy(s) to the frequency deviation Af(s) can be derived.
and is given as follows:

Af(s) = [ Poy + Puyrg + AF(8) + ——Z-—  Af(S)

REV(S.Tgv+1) )

1
M.s+D

1
"Rpec(1+5.TpEG)

—AP]  (IIL1)

RES such as solar and wind power, as illustrated in Figure I1.7, are not directly affected
by frequency deviations. Instead, they depend on external factors like solar irradiance and wind
speed, which are not related to the dynamic changes caused by load variations. In other words,
the energy produced by these sources does not constitute an automatic response to frequency
deviation but rather represents independent inputs that enter the system externally [32]-[50].

Therefore, when analyzing a complex system with multiple inputs such as loads and
renewable energy sources, it becomes difficult to isolate the impact of each input on the final
output. For this reason, it is common in linear system analysis to hold all other inputs constant
(i.e., temporarily assume them to be zero,) while deriving the transfer function between a
specific input and a given output. This approach allows us to analyze the relationship between
the load and the frequency without interference from other input effects [32]-[71].

Thus, the transfer function between APy (s) and Af(s) becomes:
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Af(s) = —=I[Af(s) + T-l—l) Af(s) + Af(s). m APL(s)] (IIL.2)
Af(s) on the left-hand side:

— NEy. 1 _
APL M.s+D Af( )[M Ss+D (REV(S Tgy+1) + RDEG(1+S-TDEG)) 1] (III3)
G(s) = L& — mt (I11.4)

APL (S) NEV' ' 1
REy(STgyv+1) Rppg(1+STpEgg)

—(M.s+D)

II1.3. Study of Two Controllers for Frequency Deviation Control in a MG
System

In this work, the focus will be on studying and analyzing two different types of
controllers with the aim of reducing frequency deviation resulting from sudden changes and
instability within the microgrid system. Precise frequency control is essential to maintain
system stability and ensure power quality, especially in systems that rely on intermittent
renewable energy sources. Through this study, we will examine two different types of
controllers, which are as follows:

II1.3.1. PID controller structure

The PID controller is one of the most widely used controllers in industrial systems, due
to its simple structure and ease of use. The PID controller calculates the error as the difference
between the measured value and the reference value to be achieved. It then attempts to minimize
this error using adjustable variables [52].

The PID controller consists of three independent constant parameters, commonly
referred to as a three-term controller: the proportional (P), integral (I), and derivative (D) terms.
These components are connected in parallel, as illustrated in Figure II1.3. Their relationship is
also simplified by the following mathematical equation.

—» P K per)

+ L
~Setpoint Error» | K,Ic(r)¢lr

D K, de(r)
dt

Figure I11.3: PID controller models.
C(S) = Kye(S) + K =2 + kg.S.(S) (I1L.4)
Each of these constants plays a specific role in adjusting the system's response:

e The proportional term (P) addresses the current error.

e The integral term (I) handles the accumulation of past errors, helping to eliminate
steady-state error.
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e The derivative term (D) predicts future error trends by analyzing the rate of change of
the error, which helps reduce oscillations and limit overshoot.

I11.3.2. Multi-Stage PID (MPID) Controller Design

The Multi-Stage PID (MPID) controller is a modern development of the conventional
PID controller, designed to address some of the limitations encountered in microgrid systems
particularly the issue of equal or closely related control parameters (Kp, Ki) under certain
microgrid operating conditions. This equality or direct proportionality between the variables
has weakened the system’s ability to adapt to dynamic changes, resulting in prolonged settling
times, increased oscillations, and overall reduced system stability [32].

The MPID controller consists of two independent units: a PI unit and a PD unit
connected in series, as illustrated in Figure II1.4. The PD unit comes first and its main function
is to anticipate the error and improve the system’s response speed to sudden changes in
frequency (Af). The resulting signal is then passed to the PI unit, which contributes to enhancing
long-term signal stability through integration and correction of the remaining deviations. This
helps keep the system frequency within the required limits in the standalone case [71].

Thus, the structure of the MPID controller offers high flexibility compared to the
conventional controller, allowing each unit’s positive characteristics to be exploited
independently, while ensuring better tuning of all parameters.

Af,

erivative
gain

Figure I11.4: Block diagram representation of a multistage PID controller (MPID).

The mathematical model of the MPID controller can be formulated by connecting the
PD model to handle the transient inputs, followed by the PI model for the steady-state condition,
as will be illustrated later in equation (IIL.5). This facilitates system analysis in both the
frequency domain and time response

E = (Kp + Kd.S)(1+ Kpp + ) (IL.5)

f

II1.4. The Various Approaches to Optimization

In this part of the work, the control parameters were tuned using a set of optimization
techniques, including conventional and intelligent optimization algorithms. The main objective
was to enhance the system's overall performance by improving its stability, reducing the
response time, and minimizing error rates. Among the most prominent algorithms employed
are:
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I11.4.1. Optimization methods
I11.4.1.1. Coefficient diagram method (CDM)
I11.4.1.1.a. General concept

Some systems, such as the MG system, present significant challenges in terms of control
and selecting an appropriate controller. This is due to the complexity of manufacturing
dynamics and the precise performance requirements, including settling time, response speed,
and long-term stability. Moreover, these systems are often described by complex mathematical
equations in which the number of unknowns exceeds the number of available equations, making
it difficult to obtain accurate solutions.

In light of these challenges, the CDM is considered an effective approach for tuning the
parameters of the PID controller. This method combines both classical and modern control
techniques and relies on performance analysis through the coefficient diagram, while also
comparing the system's mathematical model with the well-known Manabe equation. Developed
by the researcher Manabe, this method provides a structured framework for exploring the
solution space by introducing initial coefficients that aid in constructing suitable solutions.
Figure IIL.5 illustrates the typical structure of the CDM approach, as referenced in [72-73].

4 N Y

R(S) 1 U(es) N(S) Y(S)
F(S) A0) > G) >

B(S) |e
\Controlle /

Figure I11.5: Mathematical model of the CDM method
I11.4.1.1.b. CDM description
The previously described closed-loop system is considered, where y denotes the system
output, Uis the control input, and Y(s) represents the reference signal (setpoint), while d
accounts for the random disturbance affecting the system. The terms A(s) .F(s) and B(s)
correspond to the controller polynomials, whereas N(s) and D(s) represent the numerator and
denominator of the system's dynamic model, respectively [50].

y

The general form of the characteristic polynomial for a linear closed-loop system is
expressed through the following equation, which serves as the foundation for analyzing system
stability and response behavior [74]:

Y(S) = % (N(S).F(S).R(S) + A(S).N(S).d(S)) (I11.6)

Since P(s) denotes the characteristic polynomial of the closed-loop system [44], it can be
formulated as follows:

P(S) = ap.s+an.s" ... +a; +a, = Yl a;s! (I11.7)
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With:
P(S) = A(S).D(S) + B(S).N(S) (I11.8)

In order to construct the CDM controller diagram effectively, three core parameters
must be taken into account: the equivalent time constant (1), the stability index (Y7), and the
stability limit (Y5*). These parameters are derived from the coefficients of the system’s
characteristic polynomial and play a vital role in shaping the structure and performance of the
CDM controller. Understanding and accurately calculating these values is essential for ensuring
a stable and well-tuned control system [50].

Y; = i=123.....n—1 (I11.9)
Aj+1-aj-1
YO = Yn = 00
a
=24 (I11.10)
ao
« 1 1
Yi=7t1 (IIL11)

The characteristic polynomial, as defined in Equations (II1.8) and (I11.9), is reformulated using
the parameters a0, the equivalent time constant 7, and the stability indices, as shown below.

P(S) = a, [{ n, (H,Zi%) (. S)} + TS+ 1] (IIL.12)

i
The time constant (ti) is defined as follows:

Ty = A (111.13)

aj

We can deduce the following relationship:

a = dp.T
LY YA LYY,

(111.14)

I11.4.1.1.c. Stability condition of this method

The stability and control criteria of systems sharing similar characteristics with the MG
have been extensively examined using the CDM across several research studies [ 72—75]. Below
is a summary of the key findings from these works:

e The system stability condition of order three is as follows:
ay.a; >ag.a3 = Y. Y, >1 (IIL.15)
e The system stability condition of order four is as follows:

aj.dg dp.azg

3 1
e The stability condition five and above is given as follows:
Y; > 1.12.Y; i=2. . ...(n—2) (II1.17)
Y;Yis <1 i=2......(n—2) (II1.18)
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This approach was originally introduced by the researcher Manabe, who established a
set of fixed values later known as Manabe constants to simplify the evaluation of system

stability and performance. These constants serve as reference points in the analysis process [73—
76].

Yi=[2222 e 25], i=1luiein(n—=1) Yo=Y, =

I11.4.1.1.d. Implementation of CDM to optimize the MPID controller

To determine the parameters of the MPID controller using the CDM method, the first
step involves calculating the closed-loop transfer function FTS(s) of the system. Once this
function is obtained, the constants of the MG system, as presented in Table II.1, are substituted
into the equation. As a result, the transfer function can then be expressed in terms of the MPID
controller parameters {Kp, Ki, Kd, Kpp}, as shown in references [50]-[76].

FTs(S) = Ng—f) = AA—; n=6 (111.19)

34Kd — 34Kd.Kpp — 0.75K
$°(0.75Kd - 0.75Kd. Kpp) + 5* ( +0.75Kd. Kpp + 0.75Ki de) +
N(S) { S3(1.95Kd — 1.95Kd. Kpp — 34Kp + 34Kp. Kpp + 34Ki. Kd — 0.75Ki. Kp) +
S2(4Kd — 4Kd. Kpp — 1.95Kp + 1.95Kp. Kpp + 1.95Ki. Kd — 34Ki. Kp)
+S(4Kp — 4Kp. Kpp — 4KiKd — 1.95Ki. Kp) — 4Ki.Kp

( 0.0025.5° + S5(0.0138 + 0.75Kd — 0.75Kd. Kpp)
+S4( 0.9751 + 34Kd — 34Kd. Kpp )
—0.75Kp + 0.75Kd. Kpp + 0.75KiKd
453 ( —0.97503 — 1.95Kd + 1.95Kd. Kpp — )
34Kp + 34Kp. Kpp + 34Ki.Kd — 0.75Ki. Kp
+s2 (—10.018 + 4Kd — 4Kd. Kpp — 1.95Kp)
+1.95Kp. Kpp + 1.95Ki. Kd — 34Ki. Kp
\ +S(—1.215 + 4Kp — 4Kp. Kpp — 4KiKd — 1.95Ki. Kp) — 4Ki.Kp

Ds(S) «

Through the basic rules of the CDM method, this equation can be deduced
P(S) = D4(S) (111.20)

To effectively design a controller using the CDM method, it is crucial to identify key
parameters such as the equivalent time constant (t) and the stability indices (Y1, Y2, Y3, Y4, and
Y's). Within this framework, the desired characteristic polynomial can be formulated as a
function of T and the stability indices Y, where 1 represents the degree of the polynomial.

P(S) = ¥, at;. S! n==6 (I11.21)
With:

_ aptPse apT3Ss apT*s*  apt3s3 | a,T2s?
R(S) = YsY2Y3YYS + Y, Y2 y3.x4 + Y3 ¥2¥3 oY, 2 + Y, +30TS + 2 (I1.22)

The general mathematical method of CDM is expressed in the form of matrices as follows:
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[A](n+1).n' M1 = [B](n+1).1 (IIL.23)
Where:
[A]: Represents the MG system matrix.
[B]: Represents the CDM matrix.
[M]: Represents the multi-stage PID controller matrix.
With:
0 0 0 0 0 0
0.75 —=0.75 0 0 0 0
34 -34 -0.75 0.75 0.75 0
[A]7.6 =|—195 1.95 34 =34 =34 -0.75 (I11.24)
4 -4 =195 195 195 =34
0 0 4 -4 -4 =195
0 0 0 0 0 -4
agT® T
YsYZY3YEYS 0.0025
agT®
Y Y2Y3y: 0.0138
apt?
TR + 0.9751
[Bl7a = . (I11.25)
o 0.97503
2T 410.018
Yy
agtt — 1.215
do
In order to simplify the calculations, we set the controller parameters:
Kp = Kp ,Kd = Kd, Kd * Kpp = Kdpp (IT1.26)
Kp.Kpp = Kppp, Ki * Kd = Kid , Ki* Kp = Kip (IT1.27)
— Kd -
Kdpp
Mg, =| P (I1.28)
6.1 Kpp .
Kid
| Kip |

Then write Equation (II1.23) in this form, meaning we put the unknowns on one side and the

features on one side
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— Kd -
Kdpp
Kp
Kpp
Kid
| Kip |

= ([A]* [AD~".[A]‘[B] (I11.29)

For numerical applications, I suggest using Manabe constants [44]:
T=2.8, ao=1 Y1=2.5, Y2=Y3=Y4=Y5=2

After solving the system equations using Manabe constants, we determine the values for the
MPID controller parameters.

Kd = 1.312 ,Kp = 1.2807 ,Ki = 4.5407 ,Kpp = 0.987

The proposed control strategy follows a structured sequence of steps to determine the
parameters of the MPID controller using the CDM method. A flowchart illustrating this
approach is presented in Figure II1.6. The process begins with system modeling and the
derivation of its transfer function to capture the underlying dynamics. Based on desired
performance metrics such as stability, damping, and response time a target characteristic
polynomial is then constructed. This polynomial is converted into a coefficient diagram, which
provides a visual representation of the system’s stability and dynamic behavior. Using this
diagram, the MPID controller parameters are carefully adjusted to achieve optimal system
performance. This systematic methodology ensures that the controller is effectively tailored to
meet the operational requirements of the system.
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Figure I11.6: Flowchart of the CDM method for tuning the MPID controller parameters
I11.4.1.2. Ziegler Nichols method (ZN)
I11.4.1.2.a. General concept

Several experimental methods have been developed to determine the coefficients of a
PID controller. In 1942, Ziegler and Nichols proposed two experimental approaches designed
to quickly tune the parameters of P, PI, and PID controllers. The first requires recording the
step response of the open-loop system, while the second involves bringing the closed-loop
system to the verge of instability. It is important to note that these methods generally apply only
to systems without oscillatory behavior and whose phase shift at high frequencies exceeds -180
degrees. Such systems often exhibit pure time delay and/or multiple time constants and are
commonly found in physic chemical processes such as temperature, level, and pressure control
[78]. This method is based on knowledge of the critical point of the Nyquist diagram of the

UHBC 2025 Page 71



Chapter 111 Frequency Stabilization of Microgrid Using Multi-Stage PID
Controller and Optimization Techniques

process. The PID controller parameters are determined based on the characteristics KO and T0,
where KO0 is the gain that brings the system to the limit of oscillation, and T0 is the oscillation
period. The Ziegler Nichols method was developed through simulations on a large number of
cases. The design criterion is to obtain a decay ratio d=1/4 for disturbance rejection, which
corresponds to a damping coefficient { of 0.22. These values are satisfactory for good
disturbance rejection but are too low for setpoint change responses. Table III.1 presents the
results obtained from applying the Ziegler Nichols method, which is based on the critical values
of the system. This table is provided as part of the explanation of how this method is used to
tune the PID controller parameters based on experimental procedures [79-80].

Table II1.1: Calculation of PID Controller Parameters Based on KOand T0 [79]

Parameter tuning

Controller Kp Ki Kd

PID 0.6Ko 2Kp/To KoTo/8

I11.4.1.2.b. Application of Ziegler Nichols method to optimize the MPID controller

The ZN is one of the well-known classical approaches for tuning PID controller
parameters. At this stage, an improved version of this method was developed and applied to a
multistage MPID controller in order to reduce frequency fluctuations in a standalone microgrid.
A new control variable, Kpp, was introduced to enhance performance, particularly under the
dynamic and unstable conditions typical of microgrids based on renewable energy sources [80].

This modification was driven by one of the main challenges in microgrid operation
frequency deviation caused by fluctuations in both power generation and load demand,
especially when integrating variable energy sources such as solar and wind. These deviations
can degrade power quality and threaten the continuity of power supply [77-78].

A two-step implementation of the modified ZN method was adopted to tune the MPID
controller parameters effectively:

Stage 1:

In this stage, the classical Ziegler—Nichols rules were applied to calculate the initial values of
the conventional controller parameters: Kp, Ki, and Kd. The Kpp parameter was initially set to
zero in order to assess the baseline system performance using only the traditional tuning method
without any enhancements.

Stage 2:

The new parameter Kpp was then integrated into the tuning model, and its value was gradually
increased, starting from a small initial value (Kpp = 0.1), until the system achieved a stable
dynamic response and effective frequency regulation. At each tuning step, the system
performance was evaluated using stability indicators such as settling time, maximum deviation,
and oscillation rate.

To improve frequency regulation in the microgrid system, a gradual tuning strategy was
implemented. The approach began with the adjustment of the basic PID parameters, followed
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by the integration of an additional gain, Kpp, to further enhance the system’s dynamic
performance. This tuning process was structured into four main stages, as outlined below:

Step 1: Initialization

Set all controller parameters to zero:

Kp=Ki=Kd=Kpp=0

Step 2: Identify critical values.

Determine the ultimate gain (Ku) and the ultimate period (Tu).
Step 3: Compute initial PID parameters.

Kp=0.6 * Ku

Ki=2Kp/TuorKi=0.5Tu

Kd=Kp Tu/8 or Kd=0.125 Tu

Step 4: Optimize Kpp

Increment Kpp gradually until the desired level of frequency stability is achieved.

Figure II1.7 illustrates the flowchart of the enhanced Ziegler—Nichols-based tuning strategy.
The practical implementation of this approach was carried out through the following structured
steps:
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Define the objective function

Zero K , Kq and K|, set K low

Set command to zero

Raise Kp to K,,ax the minimum vatue that causes
sustained oscillation note Af. the frequency of
oscillation

Select control regulator

T T =

Adjust additional gains (k;;) as needed based on system performance

Test and fine-tune performance as necessary

e e

Figure IIL7: Flowchart of the ZN method for tuning the MPID controller parameters

I11.4.2. Optimization algorithms.
I11.4.2.1. Cuckoo Search Algorithm (CSA)
II1.4.2.1.a. General concept

The algorithm, introduced by the researcher X.S [80], draws inspiration from the natural
behavior of cuckoo birds. It is based on the reproductive strategy of female cuckoos, which lay
their eggs in the nests of other bird species to avoid the energy and time required for nest-
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building and chick-rearing. The core mechanism of the algorithm revolves around two
fundamental principles. for its success [80-82]:

» The female cuckoo randomly selects the best nests built by other birds.

» She discards the original eggs far from the nest and lays her own eggs at each stage,
repeating this process until only one egg from the other species remains.

In this algorithm, the eggs represent potential solutions, with the cuckoo's egg symbolizing a
newly generated solution. This new solution is produced using the Lévy flight distribution, as
described in [32]-[70].

xj(t+1) = x;(t) + a @ levy(1) (IT1.30)
levy(A) = s * (x;(t) — Xpest) (II1.31)
i =123...N

Where

A represents the Lévy exponent, S denotes the step size, a is a scaling constant, X best refers
to the current best solution, and €@ indicates the entry wise (element-wise) multiplication
operator.

s=a rux|v| /8 (11.32)
If the host bird detects the presence of a cuckoo egg indicating that the condition r1 < Pa is
satisfied it discards the egg, meaning the new solution is rejected and replaced by another one
calculated as follows:

xj(t +1) = x;(t) + rand(n, —ny) (II1.33)
nq,Ny...N

I11.4.2.1.b. Application of CSA algorithm to optimize the MPID controller
The CSA has proven its effectiveness in solving complex problems. In this study, CSA is
employed to tune the parameters of the MPID controller to enhance system performance and

stability. Therefore, it will be applied according to the following steps to achieve optimal tuning
results [71]:

» Step 1: Initialization

A set of random candidate solutions is generated within the nest search space, and
each solution is evaluated based on the defined objective function.

» Step 2: MPID Controller Setup

The multi-stage PID (MPID) controller is initialized by setting the values of its
parameters (Kp, Ki, Kd, and Kpp), along with the initial error conditions, including
current, cumulative, and previous errors.

» Step 3: Parameter Update via Lévy Flights

In each iteration, the parameters of the MPID controller are updated using Lévy flight-
based strategies to explore the search space more effectively.
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» Step 4: Iterative Search

» Steps 2 and 3 are repeated continuously until convergence is achieved or the
predetermined maximum number of iterations is reached.

» Step 5: Optimal Solution Selection

The best-performing parameter set obtained throughout the optimization process is
selected as the final solution for tuning the MPID controller.

I have developed a program based on the Cuckoo Search Algorithm (CSA) to optimize the
parameters of the MPID controller as follows:

—Begin
Define the objective function
Define the maximum number (n) of iterations and other parameters
——while (x < MaxGeneration):
Obtain a cuckoo randomly via Levi's flights and then we determine the MPID
parameters
Evaluate its fitness Fi
Choose a nest among n (say j) randomly

if Fi>Fj
I; Replace Fj with the new parameters
End if
= End while
A group of bad nests is abandoned, and one nest is chosen as the best solution, which
expresses the values of the constants for MPID controller.
» End.

I have summarized this program in a flowchart that illustrates the sequence of steps of the
CSA for tuning the MPID controller parameters, starting from defining the objective and
setting the parameters, through the search and evaluation process, and ending with selecting
the optimal solution [71].
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Preparing the system

v

Define the maximum number (n) of iterations and

v

=0

Choose a nest among n (j) randomly

v

Evaluate its fitness (f;)

D o=

Replace F; with F;

One nest is chosen as the best dilution which
expresses the values of the eonsta is for MPID
controller

Figure II1.8: Flowchart of the CSA-MPID Controller Parameter Optimization
111.4.2.2. Ant Colony Optimization (ACO)

I11.4.2.2.a. General concept
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The ACO algorithm is specifically designed to find solutions to problems with different
cases or instances. This method relies on cooperation among ants within the colony to identify
effective solutions. Due to the strong similarity between the algorithm and the behavior of ant
colonies in nature, it is characterized by flexibility and high adaptability, making it applicable
to multiple versions of the same problem as well as to various types of problems [83].

The basic concept of this algorithm was first proposed in 1992 by Dorigo, inspired by
the foraging behavior of ants. In nature, ants work together to find the shortest route between
their nest and a food source. This route may include multiple intersections, requiring ants to
make decisions at each junction to choose the optimal path with the goal of minimizing the total
traveled distance [83-84].

This cooperation is achieved through the release of pheromones, which are chemical
substances secreted by individuals of the same species, serving as an effective means of
communication. Ants leave a trail of pheromones along the path they travel, and the amount of
pheromone depends on how frequently the path is used and how quickly the food is reached.
Since shorter paths are traveled in less time, they accumulate more pheromones. Consequently,
ants are more likely to select paths with higher pheromone concentrations [85-86].

Pheromones evaporate over time, which prevents ants from following non-optimal paths
indefinitely. However, shorter paths maintain a higher pheromone level due to frequent and
rapid usage, eventually causing most ants to converge on the shortest path. Figure I11.9 visually
illustrates this process. Colors are used to represent pheromone concentration levels along
different paths:

Red: Indicates paths with a low level of pheromones, often representing longer or less
frequently used routes.

Orange: Represents a medium pheromone level, typically found on paths still under
exploration or serving as alternatives to the optimal path.

Green: Denotes a high pheromone concentration, usually corresponding to the shortest route
that the ants settle on after several search iterations.

Figure I11.9: The shortest path ants to find the pheromone [86]

This color gradient demonstrates how the ants’ initially random movement gradually transforms
into an organized pattern following the optimal route, driven by pheromone accumulation.
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I11.4.2.2.b. Application of ACO algorithm to optimize the MPID controller

In our work, we employ the ACO algorithm to tune the parameters of an MPID
controller, which consists of four parameters: Kp, Ki, Kd, and Kpp. To fully exploit ACO’s
capabilities, we represent the optimization problem directly using a construction graph, where
each ant incrementally builds a solution by sequentially selecting the parameter values. In the
proposed design (modified from Figure I11.10), the representation of the parameters is organized
into two consecutive branching stages as follows:

Kp

Begin End

Figure I11.10: Construction Graph of ACO-Based Optimization for MPID Controller Parameters

Stage 1: Represents two parallel options Kp and Kd meaning that the ant selects a value for
either Kp or Ki from a coded set of possible values.

Stage 2: Represents the next parallel group Kpp and Ki where the ant then selects a value for
either Kpp or Ki

In the numerical implementation for the current study, each possible value of a parameter is
encoded. Each node in the construction graph represents an encoded value for a specific
parameter. Once a single ant’s path through the two branching layers is complete, it yields a
candidate set of values (Kp, Ki, Kpp, Kd). During the iterative process of the algorithm,
pheromone levels on the graph’s edges are updated so that better parameter combinations
become increasingly likely, guiding convergence toward the optimal set of parameters.

Regarding the modified Figure III.11 for MPID: The figure presents each branching layer as a
set of nodes, where each node denotes an encoded value for a given parameter. Multiple
connecting edges indicate the possible transitions ants can take when selecting parameter
values.
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End

Figure I11.11: Construction graph for MPID optimization n valures per parameter

To learn more about the ACO and how to tune MPID parameters, we will explain it in detail,
step by step:

Step 1: Initialization
1- Defining the System to be Controlled
The Transfer Function (TF) of the system to be tuned is specified.
2- Initializing the Ant Colony

e Define the number of ants (num Ants), representing the number of candidate
solutions explored in each iteration.

e Define the number of iterations (num Iterations), which determines how many
rounds the algorithm will execute to find the optimal values.

e Set the initial pheromone levels so that all paths have equal probability at the start.
3- Initialize the ACO parameters:
a: Controls the influence of previous pheromone levels on the selection of new values.
B: Controls the influence of heuristic information (newly discovered values).
p: Evaporation rate of pheromones.
Q: Reinforcement factor applied to solutions that improve system performance.
Step 2: Generating Initial Random Solutions

Different sets of values (Kp, Ki, Kd and Kpp ) are randomly generated within the defined limits.
Each ant selects MPID values randomly.
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Step 3: Evaluating the Performance of Each Solution
1- Create an MPID controller for each ant; the controller is defined as a transfer function.

2- Analyze the closed-loop system response by closing the feedback loop between the
controller and the system to obtain the actual response.

3- Calculate the objective function (Integral of Time-weighted Absolute Error — ITAE) to
evaluate solution quality.

Step 4: Pheromone Update

1- Evaporation: Reduce the influence of old pheromones for all paths using an evaporation
formula.

2- Reinforcement: Add new pheromone amounts to paths that result in better performance.
Step 5: Iterative Optimization
Select new values for MPID parameters and repeat the process for a set number of iterations.
Step 6: Extracting Results and Visualization

Print the best discovered MPID values. At the end of the iterations, the optimal values found
are printed.

After reviewing the steps of the ACO algorithm in tuning the MPID parameters, the diagram
below summarizes the entire process clearly.
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Figure I11.12: Flowchart of ACO algorithm.
I11.5. Simulation Results and Discussion

This section presents the simulation of a microgrid system connected to multiple energy
sources, including electric vehicle batteries, using two types of controllers: the conventional
PID controller and MPID controller. The parameters of both controllers were tuned using a set
of advanced optimization algorithms, with the aim of providing a comprehensive comparison

UHBC 2025 Page 82



Chapter 111 Frequency Stabilization of Microgrid Using Multi-Stage PID
Controller and Optimization Techniques

of their performance in reducing frequency deviation and enhancing system stability under
different operating conditions.

I have relied in this thesis on the ITAE index (Integral of Time multiplied by Absolute
Error), which is defined as the time integral of the absolute value of the error multiplied by
time, as shown in equation (II1.34). This index gives greater weight to sustained and delayed
errors. Its importance lies in its ability to evaluate the dynamic performance of the microgrid
system by focusing on measuring the speed of response in reducing long-term oscillations and
seeking effective solutions. Accordingly, the ITAE index was used as a fundamental criterion
for comparing the simulation results of frequency deviation in the microgrid system, with the
aim of determining the effectiveness of different tuning methods in enhancing system stability.

ITAE =~ [le(t)ldt (I11.34)
In terms of the number of iterations, we write:
ITAE = Y} otele(k)| At (I11.35)

Where:e[k]: the error at sample .k (e.g., Af[k] for frequency deviation).Tx: the sampling time.
N: the number of iterations until the end of the simulation.

The simulations were carried out using the MATLAB Simulink 2023 environment, and
Figure II1.13 illustrates the connection between the Simulink—-MATLAB simulation
environment and the MATLAB workspace.

‘\ Work space ]47
L Af
Af ? simulinck ]

‘ \ A 4 2
: Optimization method
' y L |

L Ki Kp Kd IKPP Cost Function |
y v \ 4

—

A
MPID Controller

Figure I11.13: Flowchart showing the interaction between MATLAB Simulink and the workspace for setting the
frequency deviation parameter in the objective function

I divide the simulation into two main parts: the first focuses on using optimization
methods, while the second applies the optimization algorithm to tune the MPID controller
parameters. This division aims to organize the work and clarify the differences between the two
approaches.

The first part: In this section, the focus is on using optimization methods to tune the MPID
controller parameters. Two different methods have been used for this tuning, and a set of
scenarios will be implemented to test the MPID controller’s ability to reduce frequency
deviation. These scenarios are divided as follows:
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Scenario I: The MPID controller parameters will be tuned using both the Ziegler Nichols
method and the CDM method.

Case 1: Effect of CDM parameter constants on the frequency deviation performance of
an MPID-controlled microgrid system.

Based on the stability conditions established for the CDM method discussed earlier in
this study, additional calculations were carried out to derive new coefficient values for
controlling the operation of the MPID controller. All constants defined by Manabe were
adopted, except for the parameter Y2, which was modified as presented in Table III.2. The
obtained results clearly showed a notable impact on the Af.

This stage aims to demonstrate the effectiveness of the CDM method in ensuring system
stability and in determining its optimal settings. The approach relied on Manabe’s findings
regarding the constants of a system equation related to the distortion ratio and settling time,
with carefully introduced changes to one of these parameters. As illustrated in Figure I11.13 and
supported by previous studies, modifying the CDM parameters directly affects the overshoot
ratio in the response. Figure III.14 shows that selecting Y2 = 1.4 produced a favorable system
response compared to other values, although it led to an increase in the settling time.
Conversely, setting Y2 = 2.9 increased the overshoot ratio but helped reduce the settling time.
Based on these observations, the CDM method can be considered an effective choice for studies
seeking to balance settling time and distortion ratio, whether by prioritizing one over the other
or by considering both simultaneously.

Table II1.2: Performance measurement coefficients MPID-CDM against variation .

Y2 Ki Kp Kd Kpp

1.4 2.62238 | 2.3051 | 0.8785 | 0.8873
2.2 3.7182 | 1.4362 | 0.3836 | 0.9013
2.9 442 |11.1478 | 0.1 1.023
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Figure I111.14: Frequency deviation response under different Y- values using the CDM—-MPID approach
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The figure II1.14 illustrates the effect of changing the Y value on the system’s frequency
deviation response when using the CDM method with the MPID controller. It can be observed
that when Y2 = 1.4 (red line), the overshoot is significantly reduced compared to other values,

although the settling time is longer. In contrast, increasing Y- to 2.9 (yellow line) results in a
higher overshoot but a shorter settling time. The reference value Y2 = 2 set by Manabe (blue
line) provides an intermediate performance between the two cases, while Y2 =2.2 (green line)
offers a relative balance between overshoot and settling time. This analysis highlights the
critical role of the Y parameter in optimizing system performance according to operational
requirements.

Case 2: We tested the MPID controller with the Ziegler—Nichols method after optimizing the
Kpp value.

%1073 %1073

Frequency diviation (HZ)

Time (S)

Figure I11.15: Impact of Kpp optimization on the Af response of the microgrid system.

Figure III.15 illustrates the effect of optimizing the Kpp value on controlling the Af of
the microgrid system. The results show that varying Kpp has a significant impact on system
stability, either by reducing disturbances or by accelerating the settling process. For instance,
at a certain value such as (Kpp2), the positive peak deviation increases compared to the other
values, indicating higher sensitivity of the response. In contrast, other values such as (Kpp1 and
Kpp3) reduce the deviation magnitude and provide a smoother response. The zoomed-in section
further highlights the influence of Kpp during critical moments, where stabilization is achieved
with noticeable differences in damping speed. Overall, optimizing the Kpp value after applying
the ZN method enhances the system’s performance by improving stability and reducing
frequency deviation, while enabling the selection of the optimal value that balances fast
response with minimal oscillations.

Scenario II: we focus on comparing the classical PID controller and the MPID controller using
the CDM and ZN methodes, by controlling the Af of the microgrid system under load variation,
as shown in Figure II1.16. As illustrated in Figure I1I.17 and Figure III.18, the graph shows the
frequency deviation response of the system when controlled using these different methods
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under various loading conditions (AP1), while Table III.3 presents the percentage change in the
ITAE value for each meth Table I11.5 Optimal parameters of the PID and MPID controllers-based

CDM and ZN,

Table I11.3: Optimal parameters of the MPID and PID controller-based CDM and ZN

Methods Optimized gains
KP KI KD KPP
CDM - MPID 1.2807 4.5407 0.5212 0.987
CDM - PID 0.5496 3.4514 0.1368 -
ZN-MPID 3.601 3.6 0.9 0.1
ZN-PID 2.2971 3.594 2.87 -
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Figure II1.16: Multistep load disturbances in MG
Table I11.4: Comparison of the performance indicators of
PID, MPID controllers using ZN and CDM
Performance Indices
Methods Peak undershoot |Peak Overshoot Settling Time (S) | ITAE
(HZ) (HZ)
ZN- PID -0.007498 0.00264 19s 0.01736
CDM - PID -0.001592 0.000075 16S 0.000534
/N - MPID -0.003328 0 8S 0.00711
CDM - MPID | -0.00178 0 7S 0.000138
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Figure I11.17: Af dynamic response of PID and MPID controller based on CDM
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Figure I11.18: Frequency perturbation dynamic response of PID and MPID controller
based on ZN
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The results indicate that employing the MPID controller yields the best dynamic
performance in reducing Af in the microgrid system, particularly when its parameters are tuned
using the CDM method, achieving zero overshoot, a settling time of 7 seconds, and the lowest
ITAE value of 0.000138. Moreover, using CDM with a PID controller significantly improves
performance compared to ZN tuning, especially in reducing overshoot and ITAE. In contrast,
switching from PID to MPID even with ZN tuning demonstrates a noticeable reduction of the
positive peak to zero and a shorter settling time. Although CDM-MPID shows a slight increase
in the negative peak compared to CDM-PID, the improvements in overall quality metrics
(settling time and ITAE) make CDM-MPID the optimal choice for controlling frequency
oscillations under load disturbances.

Scenario III: The MPID controller was tested under a set of potential disturbances affecting
the microgrid system, along with a comparison between the CDM and ZN methods. The MG
frequency deviation (Af) was simulated under various operating conditions as follows:

Case 1: The MG is subjected to the load change (APL) shown in Figure I1I.15, with the resulting
frequency deviation (Af) illustrated in Figure II1.19.
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Figure I11.19: Af dynamic response of MPID controller
based on CDM and ZN methods.

Case 2: The MG is subjected solely to solar power disturbances (APpy) as depicted in Figure
I11.20, while the resulting frequency deviation (Af) is illustrated in Figure I11.21.
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Figure I11.20: Graphic of load and solar power variation
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Figure I11.21: Frequency response of MG against PV power variations

Case 3: The MG is subjected solely to wind power disturbances (APwind) as depicted in Figure
[11.22, while the resulting frequency deviation (Af) is illustrated in Figure I11.23.
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Figure I11.22: Graphic of load and wind power variation
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Figure I11.23: Frequency response of MG against Wind power variations

Case 4: The MG is subjected to wind power disturbances (APwind) and solar power

disturbances (APpv) depicted in Figure I11.24, while the resulting frequency deviation (Af) is
illustrated in Figure II1.25.
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Figure I11.24: Graphic of load, wind and PV power variation
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Figure I11.25: Frequency response of MG against PV power variations, Wind power variations and multi-step
load disturbance
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Table II1.5: Performance evaluation of CDM-MPID and ZN-MPID controllers.

Performance Indices
Cases Methods | Undershoot | Overshoot Peak ITAE
(Hz) (Hz)
Case 1 Z/N- MPID -0.0223 0 0.0013 0.0000757
CDM -MPID -0.0056 0 0.00014 0.0000307
Case 2 /N- MPID -0.0194 0.0246 0.0044 0.00026
CDM -MPID -0.00907 0.00049 0.0009 0.00007
Case 3 /N- MPID -0.02405 0.00327 0.0043 0.00036
CDM -MPID -0.009719 0.000901 0.000905 0.000959
Case 4 /N — MPID -0.019 0.0207 0.0087 0.000374
CDM -MPID -0.0096 0.01204 0.00019 0.0000425

The Figure I11.19 , Figure I11.21, Figure I11.23, Figure I11.25 and the table III.5 together
provide a comprehensive view of the MPID controller performance when tuned using Ziegler—
Nichols (ZN) and CDM methods under different disturbance conditions. The figures illustrate
the frequency deviation response of the system in four cases: load variations only, solar power
fluctuations, wind power fluctuations, and the combined case of solar and wind power. It is
evident that the CDM-MPID controller ensures a more stable response by reducing oscillations
and deviations compared to the ZN-MPID in all scenarios, while also accelerating the return of
frequency to its reference value. The table III.5 confirms these observations through the
quantitative values of performance indices (Undershoot, Overshoot, Peak, ITAE), where the
CDM-MPID consistently achieves lower values, reflecting improved dynamic performance and
faster stabilization in both short-term and long-term behavior. Overall, the simulation results
demonstrate that tuning the MPID controller using the CDM method significantly enhances
microgrid stability and efficiency in handling complex and combined renewable energy
variations while maintaining frequency stability and reliable operation.

The second part: the parameters of the MPID controller were optimized using modern
optimization algorithms, and several scenarios were conducted to evaluate its
effectiveness in minimizing frequency deviation.

Scenario I: The MPID controller parameters will be tuned using both the ACO algorithm and
the CSA algorithm.

Case 1: Impact of ACO parameter tuning on the frequency deviation response of the microgrid
system with MPID control.
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Figure I11.26: Af of the MG under different ACO parameter tuning strategies using the MPID controller.
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Figure I11.27: Convergence over iterations for different ACO parameter tuning strategies

The results obtained in Figures I11.26 and I11.27 demonstrate that tuning the parameters
of the ACO algorithm has a direct impact on the performance of the MPID controller in
reducing frequency deviation within the microgrid system. From Figure 5, it can be observed
that all tuning strategies reduced the frequency deviation following the load change, as
illustrated in Figure III.15. However, Optimization-2 exhibited the best response in terms of
faster settling time and lower overshoot compared to the other methods, while Optimization-1
was relatively slower in reaching steady state. Figure I11.26 highlights the convergence process
of the algorithm, where it is evident that Optimization-2 achieved the fastest and most accurate
convergence toward the optimal solution, whereas Optimization-4 remained at higher values,
which negatively affected its performance. Therefore, it can be concluded that selecting
appropriate parameters for the ACO algorithm significantly enhances the performance of the
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MPID controller by reducing oscillations and settling time, ensuring a more reliable system
response.

Case 2: Impact of CSA parameter tuning on the frequency deviation response of the microgrid
system with MPID control.
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Figure I11.28: Af of the MG under different CSA parameter tuning strategies using the MPID controller.
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Figure II1.29: Convergence over iterations for different CSA parameter tuning strategies

Figure I11.28 illustrates the response of the microgrid system in controlling frequency
deviation by tuning the MPID controller parameters using the CSA algorithm with four
different optimization strategies. The results demonstrate the crucial role and effectiveness of
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proper CSA parameter tuning, showing that Optimization-4 achieved the best performance in
terms of reaching the lowest deviation value. This impact is clearly reflected in the frequency
deviation response, where optimal tuning contributed to reducing the deviation magnitude,
accelerating the stabilization process, and minimizing oscillations, as well as attaining the
lowest ITAE value, as shown in Figure I11.29. Although Optimization-2 exhibited a faster initial
response, Optimization-4 achieved better long-term stability. These findings highlight that the
choice of optimization strategy within CSA plays a key role in enhancing control efficiency and
achieving a balance between response speed and system stability.

Scenario II: We focus on a comparative analysis between the classical PID controller and the
MPID controller, optimized using the ACO and CSA algorithms, for regulating the Af of the
microgrid system under load variations, as illustrated in Figure II1.16. Table II1.6 summarizes
the optimal parameters obtained for both PID and MPID controllers using the CSA and ACO
algorithms. Figures I11.30 and II1.31 present the system’s frequency deviation response under
different control strategies and varying load conditions (APL). Furthermore, Figure I11.32,111.33
and Table I11.4 highlight the percentage variation in ITAE for each method.

Table II1.6: Optimal parameters of the MPID and PID controller-based CDM and ZN

Methods Optimized gains
KP KI KD KPP
ACO — MPID 1.2807 4.5407 0.5212 0.987
ACO-PID 0.5496 3.4514 0.1368 -
CSA-MPID 3.601 3.6 0.9 0.1
CSA-PID 2.2971 3.594 2.87 -
%1073 l I ‘ i
8t . | . | PID |-

| —
-
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Figure I11.30: Af dynamic response of PID and MPID controller based on ACO
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Figure I11.31: Convergence behavior across iterations under various ACO parameter tuning strategies
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Figure I11.32: Af dynamic response of PID and MPID controller based on CSA
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Figure II1.33: Convergence behavior across iterations under various ACO parameter tuning strategies

Table II1.7: Comparison of the performance indicators of
PID, MPID controllers using ACO and CSA

Performance Indices
Methods Peak undershoot |Peak Overshoot |Settling Time (S) | ITAE
(HZ) (HZ)
ACO- PID -0.00798 0.00264 25s 0.007
CSA - PID -0.00792 0.00475 18S 0.009
ACO -MPID |-0.006128 0 6S 0.000711
CSA- MPID -0.00678 0 9S 0.000138

The results presented in Figures (II1.30, II1.31, III.32 and III.33) clearly demonstrate the
superiority of the MPID controller over the classical PID controller, despite employing two
different optimization algorithms, CSA and ACO. The system’s response with the PID
controller exhibited significant deviations and frequent oscillations under disturbances, with
deviation values reaching relatively high levels, highlighting its limited ability to maintain
frequency stability. In contrast, the MPID controller delivered a more stable response,
significantly reducing frequency deviations and accelerating the system’s return to the reference
value with minimal oscillations.

Furthermore, Figures (II1.31 and II1.33) clearly illustrate the difference in performance
criteria, where the error with PID remained relatively high despite a gradual decrease, while
MPID rapidly reached an almost negligible error and maintained it at a steady level, indicating
its high accuracy and optimal response. Accordingly, it can be concluded that adopting the
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MPID controller effectively enhances the system’s dynamic stability compared to the
conventional PID controller.

Based on these results, the scenario aims to achieve two main objectives: first, to
evaluate the superiority of the MPID controller over the conventional PID controller in terms
of improving system stability and reducing distortions in both frequency and voltage; and
second, to validate the effectiveness of the proposed approach through the performance index
(ITAE), as confirmed by Figures (II1.31 and I11.33) and Table II1.7. This superiority is attributed
to the MPID controller’s ability to manage and tune a larger number of parameters compared
to the PID controller, which can only adjust a limited set of parameters, making it less suitable
for complex systems with multiple control requirements.

Scenario III: The MPID controller was evaluated under different potential disturbances
impacting the microgrid system, with a comparative analysis between the CSA and ACO
algorithms. The microgrid frequency deviation (Af) was simulated across various
operating conditions as outlined below:

Case 1: The MG undergoes a load variation (APL) as depicted in Figure II1.16, while the
corresponding frequency deviation (Af) is presented in Figure I11.34.

%1073 %1074
15 0 . | | .
Y ACO
2 !
gk
4
05} %
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Frequency diviation(HZ)

0 50 100 150 200 250
Time(S)

Figure I111.34: Frequency response of the MG under load variations

Case 2: The MG undergoes a solar power disturbance (APpvy) as depicted in Figure I11.20, while
the corresponding frequency deviation (Af) is presented in Figure I11.335.
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Figure I11.35: Frequency response of MG against PV power variations

Case 3: The MG undergoes a wind power disturbance (APwind) as depicted in Figure I11.22,
while the corresponding frequency deviation (Af) is presented in Figure I11.36.

%1073

ACO

Frequency diviation(HZ)

Time(S)
Figure I11.36: Frequency response of MG against wind power variations.

Case 4: The microgrid is exposed to solar power disturbances (APpv) and wind power

disturbances (APwind) as illustrated in Figure II1.24, whereas the corresponding frequency
deviation (Af) is shown in Figure I11.37.
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Figure I11.37: Frequency response of MG against PV power variations, wind power variations, and multi-step
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Figure I11.38: ITAE analysis over iterations for different control strategies

The obtained results in this scenario present a comparison between the performance of
the MPID controller when tuned using the ACO and CSA algorithms. From the first figure, it
can be observed that both methods successfully reduced the Af and maintained its stability after
the microgrid system was subjected to sudden disturbances. As illustrated in Figures II1.34,
I11.35, TI1.35, and I11.36, the results demonstrate the superiority of the MPID controller in terms
of system stability and reduction of distortions under all operating conditions, whether
considering the impact of solar energy alone, wind energy alone, or their combined effect. This
is attributed to the MPID controller’s ability to handle multiple inputs effectively. However, the
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response of the ACO-tuned controller was characterized by smoother dynamics and better
oscillation reduction compared to CSA, reflecting its effectiveness in improving the dynamic
performance of the system. The figure II1.38, on the other hand, confirms the convergence
behavior of the performance function over iterations, where CSA demonstrated faster
convergence toward the optimal solution during the initial stages, while ACO converged more
slowly but provided clearer stability at the final steady state. Therefore, it can be concluded that
CSA is characterized by faster convergence, whereas ACO ensures more stable performance in
response to disturbances.

II1.6. Analysis of results in general

Based on the simulation results obtained for tuning the parameters of the Multi-Stage
PID (MPID) controller for microgrid frequency regulation, a two-stage approach was adopted.
In the first stage, conventional methods such as the Ziegler Nichols (ZN) method and the
Coefticient Diagram Method (CDM) were used to tune the controller parameters. In the second
stage, modern metaheuristic algorithms, namely the Cuckoo Search Algorithm (CSA) and the
Ant Colony Optimization (ACO), were employed to determine the controller parameters and
evaluate its performance under various disturbance scenarios.

The results revealed that modern algorithms achieve superior performance compared to
conventional methods, thanks to their ability to explore a wider solution space and exploit
collective search mechanisms, which enhance accuracy and robustness. This is mainly because
optimization algorithms search for optimal solutions through their inherent exploration and
exploitation capabilities, particularly in mathematically formulated systems. In contrast,
conventional methods rely primarily on algebraic relationships that yield a single solution,
thereby limiting their adaptability to complex systems.

Nevertheless, conventional methods cannot be disregarded, as they remain fundamental
in providing initial search domains for optimization algorithms and offering useful preliminary
estimates for modern approaches, in addition to serving as benchmarks for comparison and
performance evaluation.

II1.7. Conclusion

In this chapter, the frequency regulation problem in microgrid systems was addressed
through the design and tuning of a Multi-Stage PID (MPID) controller. Both conventional
approaches, namely Ziegler—Nichols (ZN) and the Coefficient Diagram Method (CDM), as well
as advanced optimization algorithms such as the Cuckoo Search Algorithm (CSA) and Ant
Colony Optimization (ACO), were applied to optimize the controller’s parameters. The
obtained results demonstrated that intelligent optimization significantly improves the system’s
dynamic performance, achieving faster convergence and better stability compared to classical
tuning techniques. Moreover, the comparative analysis with the traditional PID controller
highlighted the superior effectiveness of the MPID controller in mitigating frequency deviations
under various disturbance scenarios.

Building upon these findings, the next chapter will extend the study by investigating the
application of Fuzzy Logic controllers (Type-1 and Type-2) for the enhancement of MPID
performance. This will provide a deeper insight into the potential of intelligent control strategies
in further improving system robustness and adaptability in microgrid environments.
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Chapter IV Enhancing MG Performance Using MPID Controller Tuned
with Type-2 Fuzzy Logic

IV.1. Introduction

This chapter aims to investigate and develop advanced intelligent control strategies to
improve frequency stability in islanded microgrids, based on the use of a Multistage PID
(MPID) controller tuned with Type-1 Fuzzy Logic (T1-FL) and Type-2 Fuzzy Logic (T2-FL).
In addition, the performance of the proposed approach is compared with the conventional PID
controller. The islanded microgrid is considered one of the most significant innovations in
modern power systems, as it ensures autonomous power supply by integrating multiple energy
sources such as photovoltaic (PV) systems, wind turbines (WTG), plug-in hybrid electric
vehicles (PHEVs), and diesel generators.

In this context, the PID controller remains one of the most widely used classical
controllers in power systems due to its simplicity and ease of implementation. However, its
effectiveness becomes limited when facing the stochastic fluctuations of renewable energy
sources or large-scale disturbances. To overcome these limitations, the Multistage PID (MPID)
controller was developed, consisting of interconnected PI and PD units, which provides greater
flexibility and improved dynamic response. Type-1 Fuzzy Logic (T1-FL) offers an effective
tool for tuning the parameters of both PID and MPID controllers by handling uncertainties in
the system. Nevertheless, Type-2 Fuzzy Logic (T2-FL) demonstrates superior flexibility in
managing complex and uncertain operating conditions, leading to more stable and efficient
performance.

This chapter presents simulation results that compare the performance of the
conventional PID controller with the MPID tuned by T1-FL and T2-FL, followed by a
comprehensive discussion of the advantages and limitations of each method. Finally, the
chapter provides an in-depth analysis of the results, emphasizing the practical implications of
these strategies in enhancing the reliability and efficiency of future microgrid systems.

IV.2. Proposed MG structure

Figure IV.1 presents the schematic of an integrated hybrid energy system designed for
renewable sources and EV charging with intelligent control. The system relies on renewable
resources, mainly solar and wind, for electricity generation [71]. To strengthen storage capacity,
it incorporates energy storage units, including EVs that serve as mobile batteries. Additionally,
a diesel generator is employed to ensure the balance between energy production and
consumption, thereby enhancing both grid efficiency and stability. At the core of the system
lies the intelligent control unit, which combines an MPID controller with Type-2 Fuzzy Logic
(T2-FL). This controller continuously monitors energy and frequency deviations (Ap, Af)
arising from fluctuations in load demand or variations in power generation, and it takes
corrective actions to regulate these deviations accordingly [30].
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Figure IV.1. Schematic of an integrated hybrid energy system combining renewable sources and EV charging
with Type 2 fuzzy logic

Based on this figure, I employed a mathematical representation of the various energy
sources that constitute the microgrid system, with the aim of describing the behavior of each
source individually and its role in maintaining the system’s balance. This mathematical
representation is an essential step toward simplifying and understanding the system dynamics,
as well as developing a suitable controller for mitigating frequency deviation. The detailed
models and mathematical equations are presented in Chapter III, including the formulations for
solar energy, wind energy, batteries, electric vehicles, and the diesel engine-generator. This
ensures accurate simulation of system performance and provides a solid basis for evaluating the
effectiveness of the proposed control strategies.

IV.3. Design of a proposed multistage PID controller optimized with T2-FL

In this work, I relied on the multi-stage PID controller (MPID) to regulate the frequency
deviation within the microgrid system. This controller is an evolution of the classical PID
controller, as many researchers have previously focused on eliminating one of the PID
parameters to transform it into either the PI or PD form. Others combined these two units and
introduced a new parameter, resulting in the formulation of the MPID controller, which consists
of five parameters (Kp, Ki, Kd, and Kpp), as illustrated in Figure III.4. This controller was
integrated into the microgrid system, as shown in Figure IV.2, to reduce frequency deviation
and ensure overall system stability for tuning the parameters of the MPID controller, I studied
the fundamentals of fuzzy logic [30].
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Figure 1V.2. Hybrid architecture of integrating Type-2 Fuzzy Logic with an MPID controller in a Microgrid
system

Figure IV.2 and Figure IV.3. illustrates the hybrid architecture for integrating T2-FL
with a MPID controller to improve frequency deviation performance in a microgrid system.
The role of the fuzzy logic is to process the frequency deviation input (Af) and the desired
reference value (Af*), through adaptive adjustment of the MPID controller’s basic parameters:
Kp, Ki, Kd, and Kpp. This adjustment is performed in real time according to the system’s
dynamic operating conditions, ensuring an effective response under various disturbances and
uncertainties [87].

As shown in the diagram, the fuzzy controller inputs (Af and Af*) are processed within
a fuzzy inference mechanism that relies on a set of fuzzy rules and type-II membership
functions. This type differs from traditional fuzzy logic (type-I) by incorporating an additional
dimension for representing uncertainty, known as the Footprint of Uncertainty (FOU). This
feature makes it more capable of handling nonlinearities and sudden fluctuations caused by
renewable energy sources. The fuzzy controller outputs are the optimal values of the MPID
parameters (Kp, Ki, Kd, and Kpp), which are then fed into the controller modules. Here, Kp and
Kd tune the PD loop to ensure a fast response and dampen oscillations, while Ki and Kpp
operate within the PI structure to eliminate steady-state errors and achieve long-term stability.
The additional parameter Kpp acts as a flexible factor, providing the controller with greater
adaptability compared to a conventional PID controller [88].

By combining these two structures, the MPID controller achieves a balance between
fast response in transient states (enabled by the PD loop) and accuracy in steady states (enabled
by the PI loop). Consequently, the system becomes more adaptable to load variations,
renewable energy fluctuations, and sudden disturbances. The T2-FL’s automatic tuning
mechanism makes the adjustment process dynamic rather than static, enhancing system
resilience and stability, reducing frequency deviations, and improving the overall efficiency of
the MG [89].
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Figure IV.3. Adaptive tuning mechanism of MPID controller parameters using T2-FL
IV.4. Generality on Fuzzy logic controller

Fuzzy logic is a practical approach developed to address problems that are difficult to
express mathematically. Unlike classical logic, which relies only on binary values (true or
false), fuzzy logic is based on the idea that real-world phenomena are not always clearly defined
but may fall within intermediate or partial states. Therefore, it allows values to be represented
in degrees ranging from 0 to 1. This feature has made fuzzy logic an effective tool in many
fields, such as control systems, artificial intelligence, and decision-making. It helps deal with
ambiguity and uncertainty in a manner similar to human reasoning by relying on flexible rule-
based structures. Based on these general concepts, two main types of fuzzy logic can be
distinguished: first-level fuzzy logic and second-level fuzzy logic, each with its own
characteristics and applications, as follows [87].

IV.5. Structure and formulation of Type-2 Fuzzy Logic Control System

T-2 FL is considered an advancement over traditional Type -1 fuzzy logic (T1-FL ), as
it does not only represent uncertainty in the membership functions but also extends it to the
fuzzy sets themselves. This provides a wider range of possible membership values within the
fuzzy sets [88], thereby enhancing the system’s ability to deal with higher levels of uncertainty
and imprecision in data. Consequently, T2-FL is more suitable for complex decision making
and control applications in uncertain environments, such as microgrid systems. It is represented
as follows:

IV.5.1. Fuzzification

In this phase, all system inputs are transformed into fuzzy values by applying
membership functions. The main inputs are the Area Control Errors (ACE1, ACE2, ACE3 ...
ACEn), which represent the frequency deviations in each control area of the microgrid. Each
ACEi is calculated as [87] :

where:
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Bi: is the frequency bias factor of area i
Afi: is the frequency deviation in area i
AP1i is the deviation in tie-line power exchange for area i

In the studied microgrid, the ACE values reflect the deviations caused by disturbances in solar
power, wind power, and load variations. These crisp ACE values are then converted into fuzzy
values through membership functions. The mathematical representation of the T2-FL
membership function can be expressed as [88]:

fx,w)={xeX,ueP, S[10] | (6 f (x,u),(x,u)} (IV.2)

where

f(x,u) isthe T2-FL set.

d f (x,u) is the membership function that takes values between 0 and 1.

x: represents the inputs (ACE values),

u: The outputs or resulting values that can be regulated based on the inputs.
A T2-FL set can be expressed using a double integral as follows:

f= ff f;df (x,u)(x,u) du dx (IV.3)

This integral formula reflects the inclusion of all possible input values and their
corresponding membership degrees, enabling the controller to effectively deal with the
uncertainty in frequency deviations caused by renewable energy fluctuations and load
disturbances [89].

The figure I'V.4 illustrates the structure of the Type-2 Fuzzy Logic System based on the
Sugeno model. The left side shows the system inputs, namely Af and frequency value (F),
which are fuzzified into membership functions. These inputs are processed through the Rule
Editor, where fuzzy rules are applied. On the right side, the outputs represent the controller
parameters Ki, Kp, d, and Kpp. This fuzzy system dynamically tunes the multistage PID
controller parameters according to microgrid operating conditions, thereby enhancing stability
and adaptability under disturbances.
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Figure IV .4. Structure of Type-2 Fuzzy Logic in Microgrid using MATLAB
IV.5.2. Footprint of Uncertainty

At this stage, the ambiguity in the T2-FL set is expressed as the region that encompasses
all primary membership functions, confined between their lower and upper membership
function values [90].
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This inequality defines the search domain of uncertainty in the system, arising from variations
in the membership functions.

IV.5.3. Fuzzy Rule Base

Fuzzy logic rules are determined based on fluctuations outside the power sources. Using
these inputs and outputs and also relying on Equation 5, a typical basic rule for T2-FL logic can
be formulated as follows [90-91]:

If ACE, = Fl and 45 = i thenU = G¢ (22) i=1.233...N (IV.5)
where,

ACE; is the Accumulated Error.

d(ACE) .

is the Derivative of Accumulated Error (rate of change of accumulated error).

F! and F! are the fuzzy sets representing the inputs.

G' Ou U is the output resulting after applying the fuzzy rule.

N represents the maximum number of rules that can be formulated, which is equal to five
membership functions (5 x 5)

Figure IV.5 illustrates the architecture of a T2-FL control system, consisting of several
interconnected components that work together to improve control performance.

Type 2-Fuzzy Logic

Fuzzification
Membership Fuzzification Input
Functions

¢

Rule Engine Inference Engine

___m___/
I

il N

/

Footprint of
Uncertainty (FOU)

_______ Deftuzzification

Figure IV.5. Flowchart of T2-FL logic controller.

Figure IV.6. shows the five linguistic variables, denoted as LN (Large Negative), LP
(Large Positive), MN (Medium Negative), and MP (Medium Positive), represented using the
triangular form of Mamdani T2-FL logic. These variables were selected for their relevance to
the present study. The linguistic rules outlined in Table IV.1, Table V.2, and Table IV.3 were
obtained from equation (IV.5) [92].
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Figure IV.6. Membership functions (MF) for inputs and outputs in the T2-FL Logic.
Table IV.1. T2-FL Logic Approach Rule Base for AK, and AKpp.

Af® IN MN Z MP LP

Af
LN Lp LP LP MP Z
MN Lp LP MP Z MN
zZ Lp MP Z MN LN
MP MP Z MN LN LN
LP Z MN LN LN LN

Table IV.2. T2-FL Approach Rule Base for AK;.

At LN MN Z MP LP
Af

LN LN LN LN NM Z

MN LN LN MN Z MP
Z LN MN 7 MP LP

MP MP 7Z MP LP LP
LP /Z MP LP LP LP

Table IV.3. T2-FL. Approach Rule Base for AKj;.

At IN MN Z MP LP
Af

LN MP MN LN LN MP

MN MP MN MN MN Z
Z Z MN MN MN Z

MP Z MP MP MP LP
LP Lp LP MP MP LP
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The figure IV.7 shows MATLAB’s Membership Function Editor (FIS Editor) after
applying Equation (IV.5) to generate fuzzy rules and membership shapes. The membership
functions for the input variable F (range [-1, 1]) are plotted linguistic terms (e.g. LN, MN, Z,
MP, LP) are represented by triangular membership functions (trimf). The right panel displays
the parameters and type of the currently selected MF (highlighted in red), while the left panel
lists the FIS variables. This GUI is used to enter and tune the [F-THEN fuzzy rules derived
from Equation (I'V.5) before running full-system simulations.
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Figure IV.7. Membership Function Editor in MATLAB

IV.5.4. Inference System

At this stage, the collected results are utilized to compute the parameters of the MPID
controller and to obtain the initial outcomes using the following equations [88].

K, = XY G} fre (%) (IV.6)
K; = XY Gi. fi(x) (IV.7)
Ky =X Gg fi(x) (IV.8)
Kpp = 2 G fi(x) (IV.9)

IV.5.5. Type-Reduction

To accurately tune the MPID controller parameters, it is necessary to determine the
maximum and minimum output values using the Karnik-Mendel method, derived from
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equations (IV.10). This approach is primarily intended to minimize the error of nonlinear
functions by computing the centroid average of fuzzy logic [93], as expressed in equation
(IV.11). The procedure is repeated until convergence is attained or the required values are
achieved.

Zl 1. l
Liipapp = Stz (IV.10)

Z{V_1 u(x;)

SN, x i)
Ukipdpp = W (IV.11)

where

u(x;): The upper bounds of the membership function.
u(x;): The lower bounds of the membership function.
Lkip,app: Lower Bound Centroid.

Uk p,a,pp: Upper Bound Centroid.

IV.5.6. Defuzzification

At this stage, the fuzzy values are converted into crisp values using the center of gravity
method. After determining the upper and lower limits of the fuzzy logic, the final optimal
parameters of the MPID controller are computed through the central equation (IV.11) and the
iterative formula [93], which is based on the convergence principle between the two values

Lkip,a, and Uk;pa,pp-

¢ = Sy GG (IV.12)

S uf(x)

uf (x;): is the membership value determined at x; based on the current C value.

After incorporating the optimized parameters into the T2-FL controller, the resulting final
expression of the MPID controller can be written as follows:

u(s) = e(s)((ky — k) + (e — ki) + (). 2 (kg—kl) + M (IV.13)

Equation (IV.13) is subsequently converted from the Laplace domain into the time
domain, as expressed in equation (IV.14). This transformation enables the assessment of the
system’s dynamic response during time-based simulations, providing clearer insight into how
each controller parameter influences overall system performance.

de(t)

u(t) = e(t)((kp —kp) + (kpp — p)) + == (kg_ky) + (k; — kD[ e(t) dt (Iv.14)

ky kpp kg ki Parameters dynamically tuned using T2-FL.
e(t) Frequency deviation Af.

IV.6. Results and Discussion

In this section, the application of the proposed T2-Fuzzy-MPID controller is examined
for frequency regulation in MG systems. The suggested method addresses active power flow
management and frequency deviation control under various operating scenarios. The MG
system under study consists of PV units, WTG, PHEV, and DEG used as storage and backup
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sources. The T2-Fuzzy-MPID controller is assessed under changing weather conditions and
fluctuating load demands, considering the integration of PHEV batteries, which pose a notable
challenge for MG operation. To verify its effectiveness, several simulations were performed to
analyze the controller’s performance in terms of sensitivity to both internal and external
disturbances and to compare it with conventional optimization-based PID, fractional-order PID
(FOPID), and MPID controllers. The controller is tuned through real-time T2 fuzzy logic
parameters to cope with system uncertainties and nonlinear behaviors. Frequency stability is
further supported by PHEV batteries, acting as mobile energy storage systems (MESS) thanks
to their flexible storage capacity. The simulations were carried out in MATLAB/Simulink
(2023b) on a computer equipped with an Intel Core 17 processor and 8 GB RAM, and the
controller was tested under multiple scenarios.

In this chapter, the Integral of Time-weighted Absolute Error (ITAE) is employed as the
main performance index to evaluate the controllers and compare the results between the
proposed T2-FL strategy and other benchmark methods. The ITAE index is widely recognized
in control system analysis due to its ability to account for both transient and steady-state
performance, as it penalizes sustained errors more heavily over time. This characteristic leads
to faster settling and reduced steady-state deviation. Unlike Chapter III, where ITAE was
expressed with respect to the number of iterations to assess the convergence behavior of the
optimization algorithms, in this chapter ITAE is evaluated in the time domain to capture the
dynamic response of the microgrid system under disturbances[65-69]. The ITAE is
mathematically defined as:

ITAE = []le(®)].dt (IV.15)

where

e(t) represents the error signal over time and T is the total simulation time. A lower ITAE value
indicates better control performance, characterized by faster response and lower accumulated
error.

First scenario:

In In this scenario, the MPID controller based on Mamdani T2-FL will be applied to
investigate the impact of different membership function shapes on system performance. Three
membership function types will be examined: triangular, triangular—trapezoidal, and Gaussian.
The study aims to emphasize the importance of selecting the appropriate membership function
shape in improving the controller’s accuracy and stability by comparing the results under the
same operating conditions.
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Figure IV.9. Impact of membership function type on ITAE criterion in the MG

The results in the figure IV.8 and Figure IV.9. clearly demonstrate the direct impact of
membership function selection on the performance of fuzzy logic controllers. From Figure 1
(frequency deviation), it can be observed that the triangular-trapezoidal function (green)
achieved the smallest maximum deviation of approximately —1.6x1072 Hz at t = 90 s, with a
faster stabilization compared to the other functions. The Gaussian function (red) recorded a
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maximum deviation of around —1.8x1073 Hz, while the triangular function (blue dashed)
performed the worst, reaching nearly —2.2x107 Hz along with repeated oscillations after each
disturbance at t = 90 s, 150 s, 200s and 250 s. From Figure 2 (ITAE criterion), the Gaussian
function (red) provided the best performance, with an ITAE value of approximately 1.4x10™*
att =200 s. In comparison, the triangular-trapezoidal function (green) reached about 2.1x107%,
while the triangular function (blue dashed) produced the highest cumulative error of roughly
4.1x10™.

Overall, these findings confirm that the triangular-trapezoidal function is more effective in
reducing instantaneous deviations and improving frequency stability, whereas the Gaussian
function achieves the lowest cumulative error in the long term. The triangular function,
however, is the least efficient in both aspects, exhibiting the highest deviations and ITAE. This
highlights that the choice of membership function is not merely a formal step, but rather a
fundamental design decision that determines the accuracy and stability of the system.

Second scenario:

In this scenario, a load disturbance was introduced into the MG system, as illustrated in
Figure III.15, to evaluate the performance of the proposed T2-FL compared to the T1-FL
technique in tuning the PID and MPID controller parameters, as well as the T1-FL , representing
previous works in this field. Furthermore, Table I'V.4 presents the optimized values of the PID
and MPID controller parameters obtained using the T2-FL and T1-FL approaches, which serve
as the basis for the comparative analysis.

Table IV.4. The optimal parameters of PID, and MPID controllers using T2-FL and T1-FL.

Methods Optimized gains
Kp Ki Kd Kpp
T2- FUZZY-PID 1.549 3.459 1.1368 -
T2-FUZZY-MPID 2.692 4.358 3.289 2
T1-FUZZY-PID 1.723 1.5614 2.9136 -
T1-FUZZY-MPID 2.381 3.087 1.785 0.741
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Figure IV.11. ITAE performance index results of PID and MPID controllers
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Figure 1V.13. ITAE performance index results of PID and MPID controllers
tuned with T2-FL

The simulation results provide a comparative evaluation between the conventional PID
controller and the MPID controller when tuned using both T1-FL and T2-FL. As illustrated in
Figure IV.10, applying T1-FL with the PID controller leads to a relatively unstable system,
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which is evident from the large oscillations and repeated frequency deviations that weaken the
system’s ability to maintain stability. In contrast, combining T1-FL. with the MPID controller
significantly improves performance, where oscillations are reduced and the system achieves a
higher degree of stability due to the additional control parameter Kpp.

In Figure IV.12, which presents the results based on T2-FL tuning, oscillations are considerably
minimized for both PID and MPID controllers. Despite the improvements observed with both
controllers, the MPID still demonstrates clear superiority in terms of faster stabilization and
reduced fine deviations, reflecting the effectiveness of Type-2 fuzzy logic in handling
uncertainty and achieving a more efficient response.

Moreover, the ITAE performance index results, as shown in Figures IV.11 and 1V.13, further
validate these observations. The MPID controller tuned with T2-FL achieved the lowest ITAE
values compared to the other configurations, indicating reduced accumulated error and
improved transient response. This quantitative assessment is consistent with the graphical
analysis and confirms that the combination of MPID and T2-FL provides the most effective
strategy for enhancing microgrid frequency stability under disturbances.

® Third scenario:

The robustness of the T2-FL. MPID controller was evaluated through multiple case
studies, demonstrating its capability to regulate frequency under diverse internal and external
disturbances. The applied T2-FL tuning approach proved effective in minimizing frequency
deviation within the MG system, thereby ensuring system stability even in the presence of
uncertainties and the stochastic behavior of renewable energy sources alongside load variations.

Case 1: In this case, the performance of the MG in terms of frequency deviation response is
investigated based on the load disturbance in Figure I1I.15. To this end, the analysis aims at as
sassing systematic stability and the efficacy of the suggested control strategy. The changes
made by this solution in the frequency deviation are given in Figure IV.14, which tests the con-
troller's ability to manage disturbances while operating in unstable conditions.
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Figure 1V.14. Frequency deviation response of the MG under load variations using MPID controller with T1-FL
and T2-FL

The figure 1V.14 illustrates the frequency deviation response of the MG under load
variations, comparing the performance of the MPID controller when using both T1-FL and T2-
FL. The results show that the frequency deviation with T1-FL exhibits larger peak values and
sharper responses at disturbance moments, reflecting its limited capability in suppressing
oscillations. In contrast, the T2-FL curve demonstrates superior damping ability and reduced
deviations, maintaining the frequency closer to zero with a faster recovery after disturbances.
The magnified section between 60 and 70 seconds further highlights the effectiveness of T2-
FL in minimizing oscillations and ensuring better system stability. Therefore, it can be
concluded that employing T2-FL with the MPID controller significantly enhances frequency
stability in the microgrid under load variations compared to T1-FL.

Case 2: In this Case, only the impact of wind speed fluctuations is taken into account, as
illustrated in Figure I11.21. The resulting frequency deviation of the MG, caused by variations
in wind power, is presented in Figure IV.15.
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Figure 1V.15. Frequency deviation response of the MG under wind power fluctuations using MPID controller
with T1-FL and T2-FL

The figure IV.15 presents the frequency deviation response of the microgrid under wind
power fluctuations, comparing the performance of the MPID controller with T1-FL and T2-FL.
It is evident that the blue curve T1-FL exhibits sharp oscillations and peak frequency deviations
exceeding 6x107° Hz, reflecting its limited ability to suppress the random effects caused by
wind speed variations, with oscillations persisting for longer durations. In contrast, the red curve
(T2-FL) demonstrates a more stable performance by reducing the deviation magnitude, keeping
the frequency closer to its nominal value, and achieving faster damping of oscillations.
Therefore, it can be concluded that integrating T2-FL with the MPID controller significantly
enhances frequency stability and improves system reliability when dealing with fluctuations
from renewable energy sources, particularly wind power.

Case 3: the MG is subjected solely to disturbances caused by solar energy, as illustrated in
Figure II1.19. The corresponding frequency deviation resulting from these disturbances is
presented in Figure IV.16, which demonstrates the controller’s capability to preserve the
stability of the MG under fluctuating solar power generation.
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Figure IV.16. Frequency deviation response of the MG under solar power variations using MPID controller with
T1-FL and T2-FL

The figure IV.16 present illustrates the frequency deviation response of the microgrid
system under solar power variations, using both the T1-FL controller (blue) and the T2-FL-
MPID controller (red). It is clearly observed that the proposed T2-FL controller outperforms
the T1-FUZZY-MPID by significantly reducing oscillations and maintaining the frequency
deviation close to zero. In the period between 220s and 250s, the frequency deviation gradually
decreases and approaches zero, which is due to the assumption that solar power becomes zero
in this stage (nighttime). This highlights the efficiency of the T2-FUZZY-MPID controller in
ensuring frequency stability even under highly variable and complex operating conditions.

Case 4: The MG is subjected to all disturbance sources, including load variations, fluctuations
in PV output, and changes in wind speed generation. The resulting frequency deviation is
illustrated in Figure V.17, confirming the influence of these disturbances on the overall system
stability.
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Figure 1V.17. Frequency deviation response of the MG under the combined influence of wind power and load
variations using T1-FL and T2-FL

The figure 1V.17 illustrates the frequency deviation response of the MG under the
combined influence of wind power and load variations. It can be observed that sudden changes
in energy sources lead to a noticeable increase in frequency deviation when using the T1-FL
controller (blue curve), where sharp oscillations and larger deviation amplitudes are evident. In
contrast, the T2-FL controller (red curve) demonstrates a more stable performance, maintaining
the frequency deviation close to zero with a significant reduction in oscillations. This highlights
its superior ability to adapt to the complex fluctuations of both wind power and load variations,
thereby ensuring effective frequency stability.
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Figure 1V.18. Variation of ITAE index over time comparing T1-FL-MPID and T2-FL-MPID controllers in the
MG

The presented figure IV.18 shows the variation of the ITAE index over time when
comparing the performance of the T1-FUZZY-MPID controller (purple curve) and the T2-
FUZZY-MPID controller (green curve). It can be observed that the ITAE value increases
significantly when using the T1-FUZZY-MPID controller due to the accumulation of errors
over time, reflecting its limited ability to mitigate oscillations and frequency deviations. In
contrast, the T2-FUZZY-MPID controller demonstrates superior performance by maintaining
very low ITAE values throughout the operation period, indicating its high effectiveness in
reducing cumulative error and minimizing the impact of disturbances. This superiority confirms
that the Type-2 fuzzy-based controller is more suitable for such microgrid applications, where
higher precision and stability are required to cope with continuous variations in energy sources
and loads.

® Fourth scenario:

In this scenario, the PHEV integrated into the microgrid was tested to evaluate its
effectiveness in frequency stabilization. As explained previously, when the PHEV battery is
unable to supply the required load demand, the diesel generator intervenes to compensate for
the deficit. However, in this scenario, the DEG was disconnected in order to specifically assess
the capability of the PHEV battery. The tests were carried out in two stages: in the first stage,
the battery performance was examined under charging and discharging conditions, while in the
second stage, different states of charge (SoC) were tested to measure their contribution to
compensating the energy demand on the frequency deviation (Af) in the microgrid system.

Case 1: In this case, the PHEV was tested through its battery under charging and discharging
conditions, in order to evaluate its performance and its capability to contribute to energy balance
within the microgrid system.
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Figure IV.20. Frequency deviation response of the MG during charging and discharging of the PHEV battery

Figure I'V.19 illustrates the variation of renewable energy sources (wind and PV) along
with the load over time. It is clearly observed that renewable energy sources are inherently
intermittent and fluctuating, which leads to frequent mismatches between the generated power
and the load demand. In regions (1) and (2), the load exceeds the power generated from
renewable sources, creating critical periods within the system that require additional energy to
compensate for the deficit. This imbalance between generation and demand highlights the
necessity of a storage element or an alternative source that can act as a buffer to maintain system
stability.
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Figure IV.20 shows the Af response of the MG when the PHEV battery is tested under
charging and discharging conditions. In region (1), shaded in yellow, it is observed that in the
discharging state the frequency remains close to zero, which indicates that the system is stable
and the load is fully supplied. However, in the same region during charging, a frequency
deviation appears despite the load being equal to zero. This is due to the fact that the battery
was empty at that moment and absorbed energy from the grid for charging, resulting in a
noticeable deviation. Furthermore, in regions (1, 2, 3, and 4), larger deviations occur during
charging because the load demand exceeded the power produced by renewable sources, and the
charging process imposed an additional burden on the system. In region (5), two simultaneous
events occurred: a sudden change in the load and a reduction in available power, which together
caused a significant frequency deviation.

From these two figures, it can be concluded that the PHEV battery plays a dual role
within the microgrid: on the one hand, it acts as an additional load during charging, and on the
other hand, it functions as a vital energy source when needed to compensate for generation
shortages. This dual role makes PHEV batteries an essential component in enhancing frequency
stability and ensuring a continuous balance between supply and demand in MG.

Case 2: In this case, the impact of the PHEV state of charge (SOC) — 10%, 40%, 60%, and
80% — on the frequency stability of the microgrid was investigated through the vehicles’ ability
to compensate for the energy deficit in coordination with the T1-FL-PID and T2-FL controllers.
To achieve variations in the SOC levels, the parameters of the electric vehicle battery were
adjusted according to the specifications presented in Table IV.5, enabling a realistic
representation of the differences in the available battery capacities for discharging.

Table IV.5. Ratio variation in PHEVs

Percentage Parameters PHEVs
variation Rav TEv KEv NEv
+10% 0.24 0.01 0.18 60
+40% 0.96 0.04 0.72 240
+60% 1.44 0.06 1.08 360
+80% 1.92 0.08 1.44 480
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Figure IV.21: Frequency deviation response of the microgrid under different states of charge (SOC) of electric
vehicle batteries (a- 10%, b- 40%, c- 60%, and d- 80%) using the T1-FUZZY-MPID and T2-FUZZY-MPID

controllers

The results presented in the four figures IV.21 illustrate the impact of the state of charge
(SOC) of electric vehicle batteries on the frequency stability of the microgrid when using the
T1-FUZZY-MPID and T2-FUZZY-MPID controllers. At SOC = 10%, a larger frequency
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deviation with pronounced oscillations is observed, where the performance of the T1 controller
is less efficient compared to the T2 controller, which successfully reduced the deviation rapidly
and restored the frequency to its reference value. As the SOC is increased to 40%, the stability
improves due to the greater discharge capacity, with noticeable reduction in oscillations,
especially when using the T2 controller. At SOC = 60%, further improvement is achieved, as
the battery’s ability to balance the power deficit increases, resulting in additional reduction of
oscillations and maintaining the frequency deviation close to zero, particularly with the T2
controller. At SOC = 80%, the battery reaches its highest efficiency in compensating the power
shortage, leading to the best frequency stability, where the T2-FUZZY-MPID controller
demonstrates clear superiority by minimizing oscillations to the lowest level compared to T1.
Therefore, it can be concluded that increasing the SOC from 10% to 80% results in a gradual
and significant enhancement in frequency stability, with the T2 controller consistently showing
more effective and reliable performance across all cases.

IV.7. Analysis of results in general

The simulation results showed that using T2-FL with the MPID controller achieved
superior performance in terms of frequency stability, faster disturbance response, and higher
energy utilization efficiency. Applying T2-FL with the PID controller also demonstrated
noticeable improvements compared to the T1-FL with PID, as it helped reduce oscillations and
enhance stability, although its performance remained relatively lower than when combined with
MPID. In contrast, using T1-FL with the PID controller was simpler and required fewer
computational resources, making it more suitable for applications with limited capabilities. For
scenarios that demand high performance and greater adaptability to changing operating
conditions, T2-FL with MPID is considered the most appropriate choice, while the combination
of T1-FL with PID remains a practical option for simpler systems. For future work, it is
recommended to conduct further testing under diverse operating conditions to assess the
robustness of these control schemes, in addition to exploring hybrid strategies that integrate the
strengths of PID and MPID with both Classic andT2-FL, which could provide balanced and
comprehensive performance improvements.

IV.8. Conclusion

In conclusion, this chapter has provided a comprehensive investigation into the
application of classical and advanced control strategies for frequency stabilization in islanded
microgrid systems. The analysis highlighted the limitations of the conventional PID controller
when exposed to the intermittent nature of renewable energy sources and sudden load
variations. To address these challenges, the Multistage PID (MPID) controller, supported by
fuzzy logic tuning methods, demonstrated superior adaptability and enhanced dynamic
response. The simulation results confirmed that Type-1 Fuzzy Logic (T1-FL) improves the
performance of PID and MPID controllers by managing system uncertainties, while Type-2
Fuzzy Logic (T2-FL) further enhances stability under complex and fluctuating conditions.
These findings underline the critical role of intelligent tuning techniques in reinforcing the
operational reliability of islanded microgrids. Overall, the comparative evaluation established
the MPID controller tuned with T2-FL as the most effective strategy among the studied
approaches, ensuring robust performance and greater resilience of microgrid systems.
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General Conclusion

This thesis has provided a comprehensive study on the modeling, analysis, and control
of hybrid microgrid systems, with a particular focus on frequency stability. The work addressed
one of the most critical challenges in modern power systems, namely the integration of
renewable energy sources and the mitigation of their intermittent nature to ensure reliable and
stable operation.

In Chapter 1, a thorough review of the microgrid concept was presented, including its
historical development, main components, and different classifications. The discussion
emphasized its advantages in reducing emissions, improving energy efficiency, and ensuring
reliable electricity supply, particularly in remote and isolated areas. This theoretical framework
laid a solid foundation for understanding the characteristics of microgrids and the challenges
they face, with frequency stability identified as a central issue.

Chapter II focused on the accurate modeling of the proposed hybrid microgrid system.
Mathematical representations were developed for renewable energy sources such as
photovoltaic panels and wind turbines, as well as conventional sources including diesel
generators and fuel cells. Plug-in Hybrid Electric Vehicles (PHEVs) were also incorporated as
flexible and mobile storage units due to their growing importance in supporting system stability.
The models were built using first-order transfer functions to facilitate frequency-domain
analysis, thus establishing the necessary groundwork for studying system dynamics and
designing effective control strategies.

In Chapter III, the frequency regulation problem was analyzed in depth through the
design of a Multi-Stage PID (MPID) controller. Its parameters were tuned using conventional
techniques such as Ziegler—Nichols (ZN) and the Coefficient Diagram Method (CDM), in
addition to advanced optimization algorithms like the Cuckoo Search Algorithm (CSA) and
Ant Colony Optimization (ACO). The results clearly demonstrated that optimization-based
tuning significantly enhanced system performance by reducing frequency deviations,
improving stability, and accelerating dynamic response. The comparative analysis further
showed that the MPID controller outperformed the classical PID controller under a wide range
of operating conditions.

Chapter IV extended the study by applying fuzzy logic techniques (Type-1 and Type-2)
to enhance the adaptability of the MPID controller. The results revealed that Type-1 Fuzzy
Logic offered an efficient approach to handling uncertainties, while Type-2 Fuzzy Logic
achieved superior robustness in dealing with the stochastic behavior of renewable energy and
sudden load disturbances. These findings underscored the vital role of advanced control
strategies in improving the reliability and flexibility of microgrid systems.

From this study, several key points can be highlighted:

v Microgrids represent a strategic solution for meeting the growing electricity demand
while reducing environmental impact and increasing reliance on renewable energy
sources.

v' Accurate modeling of microgrid components is essential for understanding system
dynamics and developing effective control approaches.
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v" The MPID controller significantly outperforms the classical PID controller in reducing
frequency deviations and improving overall system stability.

v The integration of advanced tuning strategies, such as metaheuristic optimization and
fuzzy logic, contributes to greater robustness and adaptability under uncertain and
variable operating conditions.

v' The use of PHEVs as mobile storage units enhances system flexibility and stability,
representing a promising field for further research and development.

In conclusion, this thesis has demonstrated that frequency control is the cornerstone of
ensuring reliable operation of microgrids, particularly in islanded mode where system inertia is
low and the variability of renewable energy sources becomes more pronounced. Without
effective frequency regulation, microgrids are exposed to severe oscillations that negatively
affect power quality and overall stability, and in extreme cases, may even lead to partial or
complete system collapse. Therefore, achieving frequency stability is not merely a technical
necessity but a fundamental prerequisite for expanding the integration of renewable energy
sources and promoting the widespread deployment of microgrids across different environments.

The proposed models and control strategies developed in this work provide a valuable
framework for both research and practice. From a scientific perspective, they contributed to a
deeper understanding of the dynamic behavior of hybrid microgrids and highlighted the critical
role of controller design and tuning in mitigating frequency deviations. The comparative
assessment between conventional and advanced controllers particularly the Multi-Stage PID
(MPID) helped address an existing research gap and established a solid reference point for
future investigations.

From a practical standpoint, the findings offer significant guidance for engineers,
system operators, and policymakers in developing more efficient and sustainable microgrids.
The integration of renewable energy sources, supported by advanced control techniques and
flexible storage units such as Plug-in Hybrid Electric Vehicles (PHEVs), demonstrates a clear
pathway toward enhancing network flexibility, reducing dependence on fossil fuels, and
minimizing harmful emissions.

Ultimately, this study confirms that hybrid microgrids, when equipped with effective
frequency control strategies, represent a fundamental pillar of the future power system
landscape. They enable the transition toward decentralized, flexible, and clean energy networks
capable of reliably meeting the rapidly increasing global demand for electricity, while
simultaneously supporting sustainability goals and energy security in both developed and
developing countries.

Future work

Based on the findings of this thesis, several promising research directions can be pursued to
further enhance the reliability and stability of microgrid systems.

First, the development of hybrid optimization techniques represents a highly promising
avenue, as combining multiple algorithms can achieve superior dynamic performance
compared to relying on a single method. Such hybrid approaches are particularly effective in
improving frequency stability under variable operating conditions. In addition, the integration
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of fuzzy logic with newly developed algorithms offers an opportunity to strengthen the ability
of controllers to handle nonlinearity and uncertainties associated with renewable energy sources

Second, the exploration of novel controllers such as the Triple Integral Derivative (TID)
and Model-Free Control (MFC) is strongly recommended. These controllers may provide more
flexible and efficient control solutions compared to conventional strategies, enabling improved
adaptability to sudden disturbances and system uncertainties.

Third, future work should focus on the study of hybrid microgrids composed of multiple
interconnected sub-microgrids, which play a key role in ensuring energy continuity and
enhancing operational resilience when facing disturbances or generation fluctuations.

Finally, advancing toward experimental research is crucial. This involves validating the
proposed models in real microgrid environments, collecting operational data under realistic
conditions, and conducting extensive testing with different load profiles, storage technologies,
and weather scenarios. Such efforts are essential to bridge the gap between theoretical
simulations and practical deployment, ensuring the applicability and reliability of the proposed
solutions.
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