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ABSTRACT 
  

This study presents an energy management system (EMS) for a hybrid renewable micro-grid 

system. The increasing demand for energy has led to the accelerated depletion of fossil fuel 

reserves, outpacing their natural replenishment. It is anticipated that the available fossil fuel 

resources can only suffice for approximately the next 40 years, given the limitations in 

extracting these resources. Moreover, the widespread reliance on fossil fuels and internal 

combustion engines (ICE) has contributed substantially to environmental pollution and raised 

concerns about anthropogenic (human-induced) climate change. To address these issues, it 

is imperative to transit to a production system that is not based on fossil fuels as the primary 

energy source, hence the adoption of renewable micro-grids. The utilization of renewable 

micro-grids has experienced significant advancements and growth in the past decade, driven 

by technological maturity, the expected scarcity of fossil fuels and government policies 

emphasizing environmental protection. 

While hybrid renewable micro-grid systems are now widely available in the market, renewable 

micro-grids are still considered as a promising alternative to traditional power grids. On-site 

hybrid micro-grids offer advantages such as minimizing disruptions, reducing costs, 

optimizing system component sizes to minimize operating costs, as well as ensuring access 

to energy sources which are affordable, reliable, and sustainable. The incorporation of an 

energy storage system, especially in renewable micro-grid systems, provides unconditional 

benefits for electric power reliability, including smoothing power fluctuations, supplying initial 

power during the transition from grid-connected mode to island operating mode, and offering 

the ability to ride through dynamic fluctuations in intermittent energy sources. Battery energy 

storage systems are predominantly utilized in renewable micro-grid systems. However, both 

renewable hybrid micro-grids and battery storage systems have shown certain limitations, not 

related to rising fossil fuel prices or environmental pollution but rather within the EMS. Some 

of these limitations include the intermittence of renewable energy sources, the efficiency 

dependence of the equipment on the operating point, the relationship between battery 

charging/discharging rates and operating conditions, overcurrent, overvoltage, state of charge 

(SOC), unbalanced conditions, all of which may impact battery lifetime and the reliability of 

hybrid micro-grids. 

The main research problem focused on how to develop a real-time energy management 

system able to control the power flow within the hybrid renewable micro-grid system and the 

variable AC load as well as the utility grid. Secondly, how to control the charge and discharge 
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of the battery. The developed EMS algorithm including the micro-grid system was performed 

utilizing MATLAB/Simulink software, and Typhoon HIL’s real-time digital simulator was used 

to test, validate and optimize their performance. This research aimed to develop a strategy to 

manage the energy flow within the hybrid renewable micro-grid system, which optimizes the 

renewable energy resources utilization and augments their incorporation into the power 

system. Hence, this research had as its principal objective to develop an energy management 

strategy capable to control the flow of energy in the hybrid micro-grid system and the main 

grid. The second objective of this research has been based on the control of the battery 

charging/discharging. To achieve these objectives, different sequences have been 

considered, which included the design of the components model of the hybrid micro-grid 

utilized in the simulation model, the development of the hybrid micro-grid simulation, the 

development of the hybrid micro-grid control scheme and finally, the development of the hybrid 

micro-grid system EMS algorithm. 

To demonstrate the developed EMS control robustness and effectiveness, different cases 

have been utilized in the simulations, which showed its ability to handle the load in isolated 

as well as grid connected modes. The developed EMS control also ensures an appropriate 

battery operation within the hybrid micro-grid system. The main advantage of this algorithm is 

that it controls the flow of energy into the hybrid micro-grid and the variable AC load including 

the main grid; it additionally maintains a suitable battery charge/discharge, according to their 

conditions of operation as well as allows to keep its SOC within acceptable bounds. 

Additionally, the real-time experimental results obtained using the Typhoon HIL software 

demonstrated good performance in comparison to those achieved utilizing the Stateflow 

logical language in the MATLAB/Simulink software. This developed EMS algorithm was tested 

according to the different scenarios and shown to be extremely effective. Both results were 

similar and were based on the renewable energy sources production, utility grid, diesel 

generator, variable AC load demand and battery SOC. In discharge mode, the battery 

responded instantly, and during high production, it was perfectly recharged. The hybrid micro-

grid and utility grid were able to share power effectively under the given conditions, which 

ensured the smooth operation of both sources. Finally, a higher charging power was used to 

charge the battery. The results indicate the feasibility of maximizing charging time using higher 

power, leading to improved energy density utilization and possibly increasing the longevity of 

the batteries. 
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PREFACE 

The thesis delves into innovative strategies and methodologies to optimize the utilization and 

management of energy within hybrid renewable micro-grid systems. This comprehensive 

research covers various aspects of energy management, from circuit modeling to the 

implementation of advanced control systems, ensuring efficient integration and operation of 

renewable energy sources. The findings and methodologies developed throughout this 

research have been disseminated through several articles, reflecting the rigorous academic 

and practical contributions of this work. Below is a detailed overview of the published and 

under-review articles stemming from this research: 

1. Article 1: "Basic Circuit Model of Voltage Source Converters: Methodology and Modelling"; 

Status: Published. 

This published article presents a fundamental approach to modeling voltage source 

converters (VSCs), which are critical components in micro-grid systems. The methodology 

and modeling techniques discussed are essential for understanding and improving the 

performance of VSCs in hybrid renewable micro-grids. 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Basic Circuit Model of Voltage Source Converters: 

Methodology and Modeling. AppliedMath 2024, 4, 889-907. 

https://doi.org/10.3390/appliedmath4030048. 

2. Article 2: "Energy Management Strategy for DC Micro-Grid System with the Important 

Penetration of Renewable Energy"; Status: Published. 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Energy Management Strategy for DC Micro-Grid 

System with the Important Penetration of Renewable Energy. Appl. Sci. 2024, 14, 2659. 

https://doi.org/10.3390/app14062659.  

This published work explores strategies for managing energy within DC micro-grid systems 

that incorporate significant amounts of renewable energy. The study emphasizes the 

importance of optimal energy distribution and storage to enhance the reliability and efficiency 

of DC micro-grids. 

3. Article 3: "Implementation of Local Controller for Micro-Grid System": Journal: Advanced 

Control for Applications: Engineering and Industrial Systems Journal (Wiley): Manuscript 

ID: ADC2-24-0110; Status: Under Review. 

https://doi.org/10.3390/appliedmath4030048
https://doi.org/10.3390/app14062659


viii 
 

This article focuses on the implementation of local controllers, this article discusses their role 

in managing and stabilizing micro-grid systems. The paper highlights advanced control 

techniques that facilitate the seamless integration of various renewable energy sources, 

ensuring consistent and reliable energy supply. The definition and application of various 

primary control operations for distinct micro-grid cases that utilize a DC source and PV array 

are examined. 

4. Article 4: "Energy Management Strategy for a Hybrid Micro-Grid System Using Renewable 

Energy"; Status: Published. 

Ndeke, C.B., Adonis, M. & Almaktoof, A. Energy management strategy for a hybrid micro-grid 

system using renewable energy. Discov Energy 4, 1 (2024). https://doi.org/10.1007/s43937-

024-00025-9. 

This published article investigates comprehensive energy management strategies tailored for 

hybrid AC micro-grid systems. It addresses the challenges and solutions associated with 

integrating multiple renewable energy sources, aiming to optimize the overall energy 

efficiency and sustainability of the micro-grid. 

5. Article 5: "Real-Time Energy Management System for a Hybrid Renewable Micro-Grid 

System"; Journal: Energy Science & Engineering Journal (Wiley); Article ID: ESE31966, 

Article DOI: ese3.1966; Status: Accepted. 

This article introduces a real-time energy management system designed for hybrid renewable 

AC micro-grids. The paper details the system's architecture, functionality, and benefits, 

highlighting its potential to dynamically balance energy supply and demand in real-time, 

thereby enhancing the micro-grid's performance and resilience. 

The collective insights and advancements presented in these articles significantly contribute 

to the field of energy management for hybrid renewable micro-grid systems. Through 

meticulous research and practical applications, this thesis aims to pave the way for more 

efficient, reliable, and sustainable energy solutions in the future. Some results that have not 

been published are presented in Appendices A and B. Appendix A presents the simulation 

results for the article 4 and Appendix B presents the simulation results for the article 5. 

 

 
  

https://doi.org/10.1007/s43937-024-00025-9
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GLOSSARY OF TERMS 
 

Battery energy 
storage system  

A battery energy storage system is a device that uses rechargeable 
batteries to store electrical energy as chemical energy. It is designed 
to provide power when it is required, frequently during times of peak 
demand or power outages.  
  

Distributed generation  Distributed generation is the power production of a variety of small-
scale energy sources close to the point of use, rather than relying 
solely on centralized power plants that transfer electricity over long 
distances through the grid. 
  

Energy demand  Energy demand is the total amount of energy needed during a given 
time period by different economic or social sectors. It depicts the 
overall amount of energy needed to satisfy different industrial, 
commercial, residential, as well as transportation sectors 
requirements. 
  

Fossil fuel  Fossil fuels are naturally occurring hydrocarbon-based energy 
resources that originate from the remains of ancient plants, and marine 
organisms that accumulated and underwent geological 
transformations over millions of years. 
  

Hybrid renewable 
micro-grid system  

A hybrid renewable micro-grid system is an integrated energy 
infrastructure that combines a variety of renewable energy sources, 
energy storage systems and smart grid technologies to produce 
sustainable and dependable power to a localized area or community. 
  

Load  A load represents the electrical demand placed on the power supply, 
which can vary according to the type of equipment and its operational 
requirements. 
  

MATLAB/Simulink 
software  

MATLAB/Simulink is a widely used software suite developed by 
MathWorks that combines numerical computing, visualization, and 
simulation tools. It provides an environment for algorithm development, 
data analysis, and model-based design for engineers, scientists, and 
researchers in various disciplines. 
  

Point of common 
coupling  

It is the point in the electrical network where two or more systems 
interface or share a common connection. 
  

Real-time energy 
management 

A real-time energy management refers to the continuous monitoring, 
control, and optimization of energy resources and consumption in real-
time. 

Renewable energy 
resource 

A renewable energy resource refers to a natural resource that can be 
harnessed and converted into usable energy without being depleted or 
exhausted. 
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SCADA panel A SCADA panel is a control center or interface used in SCADA 
systems to monitor and control various industrial processes or 
infrastructure remotely. It serves as a centralized hub for collecting 
data, displaying real-time information, and managing the control of 
multiple devices and systems. 
  

State-flow logical 
programming 

State-flow logical programming refers to a programming paradigm that 
combines state-based modelling and logical expressions to describe 
and control the behaviour of a system. It is commonly used in the 
context of modelling and simulating complex systems. 
  

Typhoon Hardware-
in-the-loop 

Typhoon Hardware-in-the-loop (HIL) refers to a hardware-in-the-loop 
testing system developed by Typhoon HIL Inc. It is a technology 
utilized in power electronics field and electrical power systems to 
simulate and test the power electronic devices functionality and 
behavior, controllers, and systems in a controlled and realistic 
environment. 
  

Voltage source 
converter 

A voltage source converter is a power electronic device or system that 
can convert electrical power from one voltage level to another while 
maintaining a stable and controllable output voltage. It is widely used 
in different applications such as power transmission, renewable energy 
sources, motor drives, and reactive power compensation. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  1 

CHAPTER 1: INTRODUCTION 

1.1. Background 

1.1.1. Hybrid Micro-Grids 

Due to the energy demand growth, fossil fuel deposits are being depleted at an ever-increasing 

rate. Hence it is predicted that the available fossil fuel can only meet our energy demand for 

the next 40 years because we will not have the capacity to get the fossil fuel out of the ground 

in the distant future. Additionally, the use of fossil fuel and internal combustion engine (ICE) 

has contributed significantly to environmental pollution and looming concerns of anthropogenic 

(man-made) climate change. Because of these problems, it is critical that we adopt and 

develop a production system that will not depend on fossil fuel as the principal source of 

energy, hence, the adoption of renewable micro-grid (Zia at al., 2018). The use of renewable 

micro-grids has seen significant development and growth in the past decade due to technology 

maturity, anticipated scarcity of fossil fuel and government policies on environmental protection 

(Han et al., 2017).  

Renewable micro-grids are considered a better alternative to traditional power grids (Raya-

Armenta et al., 2021). A hybrid micro-grid system is a local energy system that employs a blend 

of several energy production sources, such as biomass, solar photovoltaic (PV), micro-hydro, 

wind, and fossil fuel-based generation (diesel, for example). An on-site hybrid micro-grid offers 

several benefits, primarily related to increased energy reliability, efficiency, minimizing long-

term energy expenses and optimizing system component sizes as well as environmental 

sustainability (Zebra et al., 2021). According to the load type, hybrid micro-grid systems can 

generate power in direct current (DC) or in alternating current (AC) forms. 

1.1.2. Energy Storage Systems 

An energy storage system (ESS) is a device or system that stores energy in any form and 

delivers it in the same or different form based on the application's need (Parhizi et al., 2015). 

The use of an ESS, particularly in renewable micro-grid systems offers an unconditional 

advantage in electric power reliability. An ESS is essential when it comes to reducing power 

quality issues, smoothing the fluctuation of the power, providing a primary micro-grid control, 

supplying initial energy when transiting from grid-connected mode to island operating mode, 

and it also provides the capacity to ride through when intermittent energy sources experience 

dynamic fluctuations and allows the dispatchable operation of distributed generation (DG) 

(Faisal et al., 2018). ESS can be categorized in different technologies based on the methods 

utilized to store energy, which include compressed air storage, superconducting magnetic 
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storage, pumped hydropower, super-capacitor, flywheel energy storage, and secondary 

batteries (Bradbury, 2015). 

Super-capacitors, flywheels and battery technologies are the energy storage system types 

mostly utilized in renewable micro-grid systems and batteries are the most employed in micro-

grid applications  (Prashant & Atma, 2016). Batteries offer a wide range of benefits across 

various applications and industries because of their capacity to both store and discharge 

electrical energy. Batteries can be utilized to provide a capacity reserve for future energy 

demands or they can be employed as the primary storage method (Nadeem et al., 2019). In 

general, battery operation needs specific attention. However, renewable hybrid micro-grids as 

well as battery storage systems, have shown some serious limitations not related to increased 

fossil fuel prices or environmental pollution rather within the energy management system 

(EMS). Some of these limitations relate to the intermittence of renewable energy, the 

dependence of the efficiency of the equipment on the operating point, the relation between the 

battery charging/discharging rate on their operating conditions, overcurrent, overvoltage, SOC, 

unbalanced situations that may generally affect the battery lifetime and the hybrid micro-grid 

reliability. Therefore, an EMS is necessary to offer a proper hybrid renewable micro-grid 

operation and optimize its functionality. 

1.1.3. Energy Management Systems 

An energy management system in a micro-grid system is a critical component responsible for 

optimizing energy usage, enhancing system stability, and ensuring efficient operation (Morstyn 

et al., 2019). An EMS optimizes the utilization of available energy resources within the micro-

grid by coordinating the operation of renewable energy sources, energy storage systems, and 

conventional generators and ensures that energy is produced and consumed efficiently. An 

EMS also continuously monitors energy supply and demand, dynamically adjusting energy 

flow and distribution to prevent fluctuations that could destabilize the grid. This enhances the 

reliability of power delivery to end-users. An EMS provides a holistic approach to optimizing 

energy use, reducing costs, enhancing environmental sustainability, and improving overall 

operational efficiency. These systems are valuable tools for organizations and individuals 

looking to address energy challenges while gaining a competitive edge in an increasingly 

energy-conscious world (Chowdhury et al., 2020).  

Nowadays, consideration is focused on EMS utilized in hybrid renewable micro-grids. To 

maintain the stability and reliability within the system, energy management systems application 

is crucial in hybrid renewable energy systems (Feng et al., 2019). It also helps in decreasing 

the energy produced cost and in increasing the hybrid unit’s lifetime, more particularly energy 
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storage systems. A real-time and reliable EMS is necessary to integrate hybrid renewable 

energy sources and the ESS, due to the rapid expansion in renewable energy resources 

(Totem, 2019). Much research has been carried out to increase the effectiveness of EMS 

action and operation, but further development is still needed. These studies rely on balance 

situations, deterministic calculations, and imprecise models. As a result, new research must 

be conducted to raise the reliability of micro-grid systems. 

1.2. Statement of the Research Problem 

The main research problem is how to develop real-time energy management for a hybrid 

renewable micro-grid system that controls the energy flow between the renewable energy 

sources of the hybrid micro-grid system and the load directly connected to these sources and 

connected to the utility grid. The second research problem is how to control the battery energy 

storage system charging and discharging. 

1.3. Motivation for Research 

The motivation for developing an EMS for a hybrid renewable micro-grid system stems from 

the urgent need to transition towards sustainable energy sources. Traditional energy grids 

heavily rely on fossil fuels, contributing to environmental degradation and climate change. By 

focusing on hybrid renewable micro-grids, which combine renewable energy sources like solar 

and wind with energy storage systems, the research helps to promote sustainable energy 

practices and reduce carbon emissions. Renewable energy sources are intermittent and 

variable, posing challenges to their seamless integration into existing power grids. Developing 

an EMS for hybrid renewable micro-grids seeks to address these challenges by optimizing the 

utilization of renewable energy resources. By intelligently managing the operation of renewable 

energy sources and battery storage systems, this maximizes renewable energy penetration 

while maintaining grid stability and reliability. Hybrid micro-grids offer a promising solution for 

improving energy access, especially in remote or underserved regions where traditional grid 

infrastructure is lacking. By developing a real-time EMS for hybrid renewable micro-grids, it 

enhances the energy access by providing reliable and affordable electricity to communities. 

Additionally, the resilience of hybrid micro-grids during natural disasters or grid outages is a 

key motivation. An effective EMS can ensure continuity of power supply, thereby enhancing 

the resilience of communities and critical infrastructure. The rapid advancement of renewable 

energy technologies, energy storage systems, and smart grid technologies presents 

opportunities for innovation in energy management. Developing a real-time EMS for hybrid 

renewable micro-grids involves leveraging these technological advancements to design 
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efficient and scalable solutions. This research helps to contribute to the advancement of 

knowledge and technology in the field of renewable energy and micro-grid systems. 

1.4. Existing Reviews Related to Energy Management of Micro-Grid Systems 

A summary of the existing research on EMS of micro-grid systems based on RESs and many 

different tools as well as techniques is outlined below: 

1. Chaouachi et al. have proposed a generalized formulation for intelligent energy 

management of a micro-grid (Chaouachi at., 2017). They developed an artificial 

intelligence method in cooperation with multi-objective optimization based on linear 

programming. These developed techniques aim to reduce the operating cost and the 

levels of emission for a micro-grid, including its pre-operational variables such as the 

future availability of renewable resources and load demands. The results have 

positively demonstrated the cost reduction of energy produced and the lifetime 

augmentation of different hybrid devices, more specifically for energy storage systems 

(batteries). 
2. Garcı´a et al. (García et al., 2018) have demonstrated the performance improvement 

of the hybrid renewable energy system by combining two different methods for energy 

management, which included the optimization with fuzzy logic control. The principal 

objective of their study was how to manage uncertainties occurring from renewable 

production and load demand predictions. These methods have shown an efficient 

hybrid renewable energy system. 

3. Serban (Serban et al., 2017) have implemented an original hardware-in-the loop (HIL) 

solution for real-time tests and optimization of the frequency control mechanism in 

isolated micro-grids. The production system was based on renewable energy sources 

combined with batteries. 

4. Baziar (Baziar & Kavousi-Fard, 2019) developed a probabilistic structure focused on 

the 2 m Point Estimate Method (2 m PEM). This method has been proposed to take 

into consideration the uncertainties in the optimum energy management of the 

renewable micro-gird systems. 

5. A control management of a hybrid system has been implemented by Dagdougui et al. 

(Dagdougui et al., 2015) using a real-time mathematical optimum solution. Their 

generation system included hydropower, wind power and fuel cells and the study was 

based in Afourar village, in Morocco. Different operation system scenarios have been 

considered, either operating in grid connected mode or isolated mode according to 
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any settled point of time. Another main aspect was how to control the production power 

with the load demands. 

6. Pablo et al. (Pablo et al., 2015) have developed an optimal EMS for a stand-alone 

hybrid micro-grid system, the proposed strategy was focused on fuzzy logic control. 

The aim of the study was to meet the power requirements of the load and maintain 

the energy storage systems SOCs, which comprised the battery and hydrogen within 

a specific range. The outcomes demonstrate that the strategy was successful in 

maximizing the lifetime of energy storage devices and utilization costs. The authors 

recommended using other techniques, such as the grid-connected mode to assess 

the effectiveness of the suggested energy management system. 

7. Fathima and Palanisamy (Fathima & Palanisamy, 2015) proposed a review on 

optimization in micro-grids with hybrid energy systems. The researchers have 

concluded that future studies need to be done, which will support to improve the power 

quality of the hybrid renewable energy sources and surmount the shortcomings of the 

current scenario like system optimization. 

8. Lanre et al. (Lanre et al, 2016) presented a review on EMS in hybrid renewable energy 

systems. Their research showed that in order to reduce system costs and minimize 

adverse effects, it is crucial to optimize component size and implement an energy 

management system. 

However, Lanre Olatomiwa et al., (Olatomiwa et al., 2021) presented a review on EMS in 

hybrid renewable energy systems. The EMSs of smart grids were given special attention in 

this study. The development of energy management systems is also demonstrated using fuzzy 

logic approaches. According to the report, to connect hybrid renewable resources with energy 

storage systems, real-time and efficient energy management solutions are now essential. Most 

research on the energy management system for hybrid renewable energy systems has been 

conducted in islanded mode, with just a small number of cases focusing on grid connected 

systems, according to this comprehensive assessment. Therefore, it is critical to develop new 

plans and methods for managing and controlling the flow of energy in a hybrid renewable 

micro-grid system connected to the grid. 

1.5. Aims and Objectives of the Research 

To maximize the use of renewable energy sources and strengthen their integration into the 

power system, this research aims to develop an energy management system for a hybrid 

renewable micro-grid system. This is done by using different load scenarios. 
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The main objective of this research is to develop an energy management strategy that 

regulates the energy transfer between the hybrid micro-grid system and the load in both grid-

connected and isolated modes. The second research objective is to control the battery energy 

storage system charging and discharging. Additionally, this thesis has the objective to use the 

results and perform a comparative analysis with the results obtained from other similar 

research studies. 

To achieve the different objectives mentioned above, various tools, algorithms and techniques 

are implemented and applied, which aim to predefine optimal design criteria both in real-time 

and offline. The approaches include the method of optimization, parallel metaheuristic 

technique, model predictive control, and evolutionary algorithms. The tools used to develop 

the energy management strategy comprise MATLAB/Simulink and Typhoon HIL’s real-time 

digital simulator. The proposed energy management strategy is based on Stateflow logical 

programming environment. The parallel metaheuristic technique is an algorithm that turns 

multiple metaheuristic searches in parallel by using parallel computing techniques.  

The objectives are conducted through the following sequences: 

• A hybrid micro-grid components model used in the simulation model is designed and 

developed using MATLAB/Simulink software 

• A simulation of a hybrid micro-grid is developed using MATLAB/Simulink software 

• A control system scheme for the hybrid micro-grid is developed using Stateflow logical 

programming environment 

• An energy management system algorithm for the hybrid micro-grid system is 

developed using Typhoon HIL’s real-time digital simulator. 

• A hybrid micro-grid with battery energy storage system simulation is designed and 

developed using MATLAB/Simulink software and validated in Typhoon Hardware-in-

loop (HIL) simulation package with HIL402 configuration in the virtual environment. 

In addition, to allow users to access and modify any control parameter within the hybrid micro-

grid, the algorithm model needs to be adaptable.  

1.6. Research Methodology 

The EMS is typically utilized to plan programs and manage power generation for a variety 

of power grid applications. It is also recognized as a different method for managing electrical 

loads in micro-grids (Morstyn et al., 2019). However, the new practice of micro-grids defines 

more the energy management systems. The main objective of this study is to provide an 
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EMS controller capable of ensuring adequate power distribution that will promote the 

application of a hybrid micro-grid system for RES applications. This will offer an improved 

value and trigger significant interest in the use of renewable micro-grid applications. 

This study examines a hybrid micro-grid system with a hierarchical control scheme that 

consists of a central controller and a local controller. The central controller coordinates the 

hybrid micro-grid protection devices and handles the secondary and tertiary control layers, 

while the local controller controls the power flow of all distributed generation devices. This 

ensures optimal operation and reliability under varying production and demand conditions, 

as well as suitable protection against utility grid faults and failures. 

The choice of a real-time simulation tool is considered to develop the hybrid micro-grid 

central controller due to the response time which is in the order of minutes. The selected 

software is the Typhoon Hardware-in-the-loop (HIL). This enables the HIL test of the 

controller and enables the control of the power converter via its digital signal processor 

(DSP) interface board. Additionally, the Typhoon HIL software tool chain includes a 

Supervisory Control and Data Acquisition (SCADA) panel, which is fundamental to manage 

micro-grid operations and sending commands to local controllers. 

1.7. Research Questions and Hypotheses 

The research is required to provide answers to the following questions: 

• How can the hybrid micro-grid be made more efficient by the developed EMS? 

• To ensure an optimal performance of the micro-grid, how can the defined software 

model determine the control algorithm? 

• According to the actual micro-grid EMS, how is the developed energy management 

algorithm able to improve the effectiveness of the hybrid renewable micro-grid 

system? 

• Does integrating the EMS algorithm contribute to improve the deployment of 

renewable energy resources into hybrid micro-grid systems?  

• By introducing the implemented hybrid renewable micro-grid EMS algorithm, can the 

system enhance the integration of renewable energy resources into the power 

system and optimize their deployment? 

• To increase the use of hybrid micro-grid, how is the definition of the algorithm made? 

• Is the developed energy management algorithm significantly contributing to the 

hybrid renewable micro-grid system reliability? 
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It is hypothesised in this research that the whole hierarchical structure of the hybrid micro-

grid is implemented in a decentralized method. In addition, the power supply source sizes, 

type of energy management configuration, power electronic converters, and the system 

design are projected to be the most significant factors to consider in the power distribution 

and functionality of the entire system. Although, an efficient energy management system 

coupled with effective real-time performance significantly improves the synchronized 

operation with the main grid. The developed hybrid renewable micro-grid system includes 

solar power, wind power, a battery energy storage system and a diesel generator. 

1.8. Significance of Research 

Hybrid micro-grid systems are a key factor in the shift to sustainable energy sources, resiliency, 

and efficient power infrastructure, ensuring a cleaner, more dependable energy supply in the 

future. The new method of micro-grids, however, focusses on the EMS. In this regard, diverse 

research has been conducted in accordance with EMS, and it has been discovered that EMS 

of micro-grids presents several obstacles. The effectiveness and operation of an EMS are 

rarely used in the current literature, or the precision of an EMS is insufficient. For instance, the 

correlation between the operating conditions of the battery energy storage systems (BESSs) 

and their rates of charging and discharging, has an impact on the efficiency dependence of 

the equipment on the operating point, state of charge, system degradation, and imbalance 

situations. Hence, an EMS is important to offer an optimal hybrid renewable micro-grid 

operation and optimize its performance.  

The aim of this research is to optimize the utilization of renewable energy sources while 

ensuring stability, reliability, and efficiency of the hybrid micro-grid operation. By implementing 

a sophisticated control algorithm, the aim is to seamlessly integrate various renewable energy 

sources (RESs), such as solar and wind, with a battery energy storage system and diesel 

generator. The primary goal is to minimize reliance on fossil fuels, reduce carbon emissions, 

and promote sustainability by maximizing the utilization of clean energy resources within the 

hybrid micro-grid. This research offers several significant contributions such as developing an 

EMS controller that optimizes energy usage within the hybrid micro-grid, ensuring that energy 

is produced and consumed efficiently.  

By coordinating the operation of renewable energy sources, energy storage systems, and 

demand-side management strategies, the controller minimizes energy wastage and improves 

overall system efficiency. Additionally, this research implements comprehensive control in real-

time and management systems to adaptively respond to variation in renewable energy 

generation and load demands. By addressing these aspects, the research aims to promote 
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wider adoption of sustainable energy practices by offering useful guidance for the design and 

hybrid micro-grid systems operation. The outcome of this research adds value to existing 

available academic literature in the quest to plan programs and projects that lead to accelerate 

the adoption and use of hybrid renewable energy sources for sustainable development and 

effective sources of power production. 

1.9. Research Work Plan 

To achieve the research objectives, the project was conducted in the following sequence: 

Chapter 1: This section introduces the background, the research problem statement, aims and 

objectives. It also provides the methodology and the significance of the research. This assists 

in garnering relevant information that gives an advanced understanding of EMS for hybrid 

renewable micro-grid applications.  

Chapter 2: This section gives an overview of the hybrid micro-grid systems. A literature review 

of the micro-grid energy management systems is assessed. 

Chapter 3: The basic circuit concept of the VSC with an output LC filter is reviewed in this 

section. The basic theory and design of the behaviour of VSC as an active rectifier with DC 

bus control and as an inverter integrating the derived control loops in grid-feeding and grid-

forming modes are also presented. 

Chapter 4: This section presents the EMS control algorithm for DC micro-grid system. 

Chapter 5: The implementation of a local controller for micro-grid system is presented in this 

Section. 

Chapter 6: This section presents the EMS strategy for a hybrid renewable AC micro-grid 

system. 

Chapter 7: In this section, the real-time energy management system for a hybrid renewable 

AC micro-grid system is presented. 

Chapter 8: This section contains the general discussion and conclusions of this thesis.  

Chapter 9: This section presents some recommendations for further studies. 

1.10. Publications 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Basic Circuit Model of Voltage Source Converters: 
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Methodology and Modeling. AppliedMath 2024, 4, 889-907. 

https://doi.org/10.3390/appliedmath4030048 

Ndeke, C.B., Adonis, M. & Almaktoof, A. Energy management strategy for a hybrid micro-grid 

system using renewable energy. Discov Energy 4, 1 (2024). https://doi.org/10.1007/s43937-

024-00025-9. 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Energy Management Strategy for DC Micro-Grid 

System with the Important Penetration of Renewable Energy. Appl. Sci. 2024, 14, 2659. 

https://doi.org/10.3390/app14062659.  

1.11. Summary 

The background information on hybrid micro-grids, energy storage systems, and energy 

management systems is provided in this chapter. The research problem statement and 

motivation are presented. Also, some reviews that are currently available on EMS of micro-grid 

systems are introduced. Following that, the aims and objectives as well as the research 

methodology are summarised. Additionally, the significance of the research is presented. 

Finally, the thesis structure is described and publications resulting from this study are 

presented. 

  

https://doi.org/10.3390/appliedmath4030048
https://doi.org/10.1007/s43937-024-00025-9
https://doi.org/10.1007/s43937-024-00025-9
https://doi.org/10.3390/app14062659
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CHAPTER 2: LITERATURE REVIEW 

2.1. Overview 

The hybrid micro-grid system uses distributed generation (DG) systems with a variety of 

renewable and non-renewable sources. Four energy storage technologies are studied in this 

research, which are compressed pressurised air storage and mechanical flywheel, 

gravitational pumped storage systems and chemical batteries. 

To connect the main grid and end user loads to distributed energy resources, a DC to AC VSI 

is utilized. The DC voltage from the renewable energy sources (RESs) is converted to AC form 

using the inverter, which interfaces with the AC voltage of the load and the main grid. In 

addition, an inverter regulates the voltage, frequency, active power, and reactive power to help 

stabilize the grid. Moreover, converters allow batteries to connect to the grid. Finally, an EMS 

is essential for the hybrid micro-grid system to operate at its best, increasing dependability and 

lowering operating costs, thus, a brief review on EMS algorithms and controls is presented. 

2.2. Concept of Hybrid Micro-Grid 

A hybrid micro-grid is a localized energy system that integrates multiple sources of energy 

generation, storage, and distribution to provide reliable and sustainable power to a specific 

area or community (Agrawal & Mittal, 2011). The concept of a hybrid micro-grid arises from 

the need to address challenges associated with traditional centralized power grids, such as 

reliance on fossil fuels, vulnerability to disruptions, and limited access in remote areas. A hybrid 

micro-grid operates either in conjunction with or independently of the main grid, offering 

flexibility and stability to meet various energy needs. The concept of a hybrid micro-grid 

represents a decentralized, flexible, and sustainable approach to energy management, 

offering resilience, reliability, and environmental benefits to communities and regions around 

the world (Lotfi & Khodaei, 2017). 

To guarantee that the system performs as intended, a control technique is required. It is crucial 

that the system and power electronics work together as a single unit when they interface.  The 

control system has many advantages because it also makes it possible to preserve the 

particular energy source and the quality of power (Totem, 2019). A typical configuration of a 

micro-grid system is shown in Figure 2.1. 
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Figure 2.1: A typical micro-grid (Totem, 2019). 

 

The renewable energy resources offer a path toward a more sustainable, environmentally 

responsible, society conscious and economically viable energy future. The transition to 

renewables becomes an increasingly attractive and feasible option for addressing global 

energy challenges because of technological growth and the cost reduction (Chowdhury et al, 

2019). Since a decentralized power production moves generation close to the consumption 

point, this increases the system dependability because isolated portions of the network are 

less likely to be affected by faults that occur somewhere. As transmission losses are 

decreased, it also improves the system's efficiency (Jones & Chowdhury, 2018). 

Due to the unstoppable rise in global energy demand, which differs between countries and 

continents, the integration of hybrid micro-grid systems is getting more attention. Hybrid micro-

grid systems are designed to be scalable and modular, allowing for easy expansion or 

modification to meet changing energy demands. New renewable energy sources or storage 

technologies can be seamlessly integrated into existing systems, enhancing flexibility and 

adaptability (Hirsch et al, 2018). Community engagement and ownership are central to the 

concept of hybrid micro-grids. By involving local stakeholders in the planning, development, 

and operation of the micro-grid, a sense of ownership and responsibility is fostered, leading to 

greater support and sustainability of the system (Carpintero-Rentería et al, 2019). 
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2.2.1. The Difference between a Traditional Power Grid and a Micro-Grid 

In a traditional power grid, electricity flows in one direction, from the power plants to the point 

of consumption. The produced power is managed to ensure supply meets demand in real-

time, balancing generation and consumption across the network. Differently to a conventional 

grid, micro-grids can operate in various modes depending on the circumstances. They can be 

connected to the main grid, allowing for the exchange of electricity, or operate autonomously 

in islanded mode during grid outages or disruptions (Islam et al., 2014). 

The characteristics of hybrid micro-grid systems listed below are typically categorized as the 

primary distinctions from the conventional power grid, the motivations and goals of a micro-

grid in various nations are not exactly the same (Feng et al., 2018): 

 Ameliorate the ability of intermittent RESs and allow the power grid to adjust 

various energy source systems. 

 Practically eliminates the possibility of widespread, protracted power outages, with 

the exception of significant physical damage. 

 Increase the economy while cutting prices, emissions, and energy usage. 

For the electrical system to operate safely and steadily as well as to administer resources as 

efficiently as possible, the power grid distribution is a crucial component. The conventional 

power grid is unable to fulfil the needs satisfied by the micro-grid improvement due to the 

distributed generation widespread access, intermittent renewable energy sources, increasing 

demand on the dependability of energy production, and economy (Richter et al, 2012). 

According to its incorrect restoration procedure, which necessitates rapid action, typically 

human and in real-time, the whole restore processing is significantly simpler in a micro-grid 

structure since there are less factors that can be controlled (Islam et al., 2014). Figure 2.2. 

presents the difference between traditional and micro-grid systems. 
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Figure 2.2: The difference between power generation models (Islam et al., 2014). 

 

2.2.2. Some Benefits of a Micro-Grid  

When compared to other technologies, the deployment of micro-grid system provides a 

number of advantages, the most well-known are (Chowdhury et al., 2019):  

 Because it uses micro-sources, which have little to no emissions, a micro-grid 

decreases pollutants from an environmental protection perspective.  

 By operating in parallel with the main grid, the micro-grid enables the main grid to 

sustain additional loads. The surplus of micro-grids generation can assist in 

preventing power grid failures and overload issues.  

 The transmission line size and the installation are reduced as well as the utilization 

of fossil energy. 

 The micro-grid supplies load continuously in grid-connected mode and isolated 

mode. This characteristic makes it more dependable and enables it to supply 

important loads with high-quality electricity.  

 When using the combination of heat and power, micro-grid systems become more 

advantageous than thermal energy conservation. The micro-source in a micro-grid 

makes it easy to complete this operation. To maximize energy efficiency, the 

micro-source could be placed closer to the thermal and electrical demands. 
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2.2.3. Micro-Grid Types 

Micro-grids offer a flexible and scalable approach to energy management and distribution, with 

different types catering to various applications, locations, and objectives. They can operate in 

grid-connected mode and isolated mode. Grid-connected micro-grids are interconnected with 

the main utility grid and can import or export power as needed. They can operate in parallel 

with the main grid, providing benefits such as load balancing, peak shaving, and grid support 

services. Grid-connected micro-grids often incorporate renewable energy sources such as 

solar photovoltaics (PV), wind turbines, or hydroelectric generators, along with conventional 

generators such as diesel generators or gas turbines. Islanded micro-grids are capable of 

operating independently from the main utility grid, forming an "island" of electrical infrastructure 

that can continue to supply power to local loads even during grid outages. (Ahmed et al., 2020). 

Additionally, micro-grid systems are divided in three groups, which include AC micro-grid, DC 

micro-grid and hybrid micro-grid. Figure 2.3 gives a detailed micro-grid system classification. 

 

Figure 2.3: Micro-grids Classification (Ahmed et al., 2020). 

 

2.2.3.1. The AC Micro-Grid 

An AC micro-grid includes renewable and non-renewable energy, loads, and power electronic 

converters which connect everything to a common AC bus. Its principal disadvantage is how 

challenging it is to operate and control. Figure 2.4 depicts an example of an AC micro-grid. 
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Based on the distribution system, there are three different categories of AC micro-grids: single 

phase, three phase without neutral point lines, and three phase with neutral point lines 

(Shahgholian, 2021). 

 

 

Figure 2.4: AC micro-grid structure (Semenov et al., 2018). 

 

It is necessary for all connected devices in AC micro-grids to synchronize to a specific voltage 

and frequency. The order of the phases takes on more importance in three-phase systems. 

Any unwanted power flow between the connected sources is prevented as a result. The 

standardization, protection, control, and stability of AC micro-grids have improved due to their 

extensive operational history (Ishaq et al., 2022). To increase the flow of power in distribution 

networks and decrease power losses into transmission lines, power grids for medium and low 

voltage distribution are connected to AC micro-grids. However, they also bring with them new 

issues like reactive power shortage, power quality issues, synchronization of distributed 

energy resources, and system stability, which can be resolved by applying advanced control 

techniques (Yousef et al., 2022). 

2.2.3.2. The DC Micro-Grid 

The concept of DC micro-grid is attracting more attention than conventional AC micro-grids 

due to several advantages, which include no conflicts with harmonics or frequencies, no 

requirement of synchronization in isolate mode, and there are no issues with reactive power 

control (Al-Ismail, 2021). Additionally, DC micro-grids offer fewer conversion steps, fewer 

maintenance and operating expenses, and no impact on the skin effect and no power loss due 

to corona. DC micro-grids are constituted of battery storage systems, DC continuous loads, 
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and distributed renewable energy sources. To provide DC micro-grids with more effectively 

generated power that is sent to the load portion, few conversation steps are required. DC 

micro-grid systems have recently been used to supply DC power to aircraft, commercial 

buildings, telecommunications towers, electric vehicles, data centres, and government 

buildings (Prince et al., 2022). DC micro-grids are generally divided into two broad categories 

based on operating conditions: grid-connected and isolated modes. The DC micro-grids 

configuration depends on renewable energy sources to reduce the carbon footprint. A DC 

micro-grid uses inverters to provide power to AC loads and to connect AC sources to the DC 

bus rectifiers are utilized (see Figure 2.5). 

 

Figure 2.5: DC micro-grid configuration (Kumar et al., 2017). 

 

However, integrating RESs with DC micro-grids reduces system reliability because of the 

variable conditions of renewable sources. To solve reliability problems, some fossil fuels like 

diesel or gas, are used together with RESs in DC micro-grids (Ghorashi et al., 2022). On the 

one hand, integrating multiple energy storage systems like super-capacitors and batteries 

may increase the DC micro-grids reliability to a good scope, on the other hand, control 

problems become complex for a such case (Yuan et al., 2022). 

2.2.3.3. The Hybrid Micro-Grid 

The hybrid micro-grid is an integrated electrical distribution system that combines alternating 

current (AC) and direct current (DC) components to efficiently manage power generation, 

storage, and consumption within a localized area. The AC/DC hybrid configuration enables the 
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incorporation of diverse energy sources, including renewable energy systems, energy storage 

devices, and traditional generators, while optimizing energy conversion, distribution, and 

control. (Fuxing et al., 2021). By integrating both AC and DC components, hybrid micro-grids 

minimize energy conversion losses and improve overall system efficiency compared to 

traditional AC-only or DC-only systems (Pragya & Thakur, 2022). Hybrid micro-grids offer 

greater flexibility in managing energy flows, allowing for optimized utilization of renewable 

energy sources, energy storage, and backup generation to meet varying demand and supply 

conditions. Figure 2.6 illustrates a hybrid micro-grid structure. 

 
Figure 2.6: Structure of hybrid micro-grid (Rahman, 2018). 

 

A hybrid micro-grid guarantees a stable operation inside each micro-grid. The hybrid 

configuration improves micro-grid resilience by diversifying energy sources and distribution 

pathways, reducing vulnerability to single-point failures and grid disturbances. They can be 

scaled up or down to accommodate changing energy needs and technological advancements, 

making them suitable for a wide range of applications from small-scale community micro-grids 

to large industrial complexes (Ashagire et al., 2021). 

2.2.4. Architecture of Micro-Grid  

The micro-grid architecture is composed with the following elements (Avendano, 2022):  
• Distributed energy resources,  

• Energy storage system,  

• Control components 

These above components are connected to a low voltage grid dispatching. Figure 2.7 presents 

a micro-grid system architecture. Micro-grid architecture refers to the structure and layout of a 

localized power distribution system that integrates various components to generate, store, and 
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distribute power energy within a defined area. Micro-grid architecture typically includes a 

combination of power generation sources, energy storage systems, loads, control systems, 

and communication infrastructure (Bhavaraju et al., 2022). The Point of Common Coupling 

(PCC) plays a crucial role in micro-grid architecture as it serves as the interface between the 

micro-grid and the main utility grid or other interconnected systems. The PCC is the location 

where power flows between the micro-grid and the external grid, allowing for import and export 

of electricity as needed (Altaf & Member, 2022). 

 

Figure 2.7: Micro-grid architecture (Han et al., 2018). 

 

2.3. Distributed Generation Systems 

Distributed generations (DGs) refer to electrical energy sources, which are directly connected 

to the grid customer site (Malik et al., 2022). It uses a variety of renewable and non-renewable 

sources. Renewable energy sources refer to power sources that use renewable energy 

methods to produce electricity, including PV, solar thermal, wind, biomass, tidal, and 

geothermal power. Non-renewable sources, on the other hand, rely on raw materials that are 

not renewed by nature to generate electricity (Adajah et al., 2021). 

Recent studies indicate that approximately 80% of the global population are connected to the 

grid, but the rest 20% might be effectively supplied by distributed generation systems. Different 
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research demonstrated many interests have been given to distributed generation, which 

makes it to be more attractive than the traditional power grid (Oymak et al., 2022). Most of the 

known benefits include short transmission lines (reduce complexity and transmission losses), 

reduction in costs of transmission operation, gas emissions and amelioration in power supply 

security. Additionally, distributed generation modifies environmental impacts like emission 

control by using renewable energy sources such as solar, wind, biomass, etc. (Ufa et al., 

2022). Figure 2.8 presents a distributed generation structure. 

 
Figure 2.8: Technologies and types of distributed generation  (Yadav & Srivastava, 2014). 

 

Despite the significant benefits of distributed generation, integrating it into the current 

distribution networks is still difficult due to a number of technical, economic, and environmental 

obstacles. If distributed generations are built and designed incorrectly, voltage volatility, 

significant power losses, low power quality, and protection deterioration may occur in power 

distribution grids. The utilization of distributed generation systems will be increased if these 

issues are resolved (Ishaq et al., 2022). 

2.4. Control Architecture in a Hybrid Micro-Grid System 

In order to support and coordinate the hybrid micro-grid system, which offers complete system 

stability, various control levels such as micro source and central controllers are typically used. 

Figure 2.9 shows the primary, secondary, and tertiary controls in a hierarchical control 

https://www.sciencedirect.com/topics/engineering/distributed-power-generation
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system. The primary control is responsible for initial power sharing and current/voltage 

controls. The secondary control, which is higher than the primary control and aids in improving 

performance sharing and compensating for voltage, comprises of the initial power sharing 

and current/voltage regulations. Finally, the tertiary control focuses on power management, 

energy management and economic dispatch (Bidram & Davoudi, 2012). 

 

Figure 2.9: Hierarchical control architecture (Olivares et al., 2014). 

2.4.1. Primary Control 

When it comes to power converter control, the two main components are droop control 

(preliminary power sharing) and inner loops (current/voltage regulation). 

Alternating current can be controlled in a synchronous rotating frame by the inner loops of a 

voltage control device, such as a three-phase voltage source converter (VSC). The linear 

controllers adjust the current within a specified range and provide the necessary voltage after 

the measured currents convert a three-phase stationary frame into a synchronous rotational 

frame. For a pulse-width modulation (PWM), the voltage needs are thus inversely 

transformed into three-phase modulation indices (Olivares et al., 2014). 

Since there is no need for communication lines, voltage droop control is often used. The most 

popular method for "droop control" involves adding a "virtual resistance" to the existing 

system. While the virtual resistance is unaffected by operating conditions and is an ideal value 

that cannot result in any real power loss, the real resistance is not a fixed value that could be 

modified by environmental factors and would cause "real" power losses that should be 
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minimized. This hypothetical resistance is also known as the gain of droop, statistic constant, 

or coefficient of droop. AC systems were the first to use droop control (Guerrero et al., 2013). 

In DC micro-grids, basic droop control can be achieved as current droop/power mode, 

combining voltage-mode drooping techniques such as V – I and V – P, as well as current – 

voltage (I – V) and power voltage (P – V) techniques (Olivares et al., 2014). These control 

techniques assess the DC voltage and analyse the injected current/power depending on the 

droop characteristic. As can be seen, I-V and P-V both performed similarly (Beerten & 

Belmans, 2013). Evidence can be found in the fact that both models are nearly same and 

only differ slightly when small voltage errors are considered. In this context, current/power 

mode approaches can be represented by the I-V droop. Like that, voltage mode techniques 

can be used to study the V-I droop feature (V-I and V-P). 

2.4.2. Secondary Control 

To maintain the bus voltage for a droop-controlled DC micro-grid at nominal value, a 

secondary control level is added to the micro-grid. This establishes the primary control 

reference and keeps the controlled parameter within an optimum range (Dragicevic et al., 

2014).  

As a result, secondary control, contrary to voltage and frequency regulation in AC micro-grids, 

aims to reduce voltage differences and enhance power quality (Naeinian, 2016). A 

centralized, distributed, or decentralized control strategy can be used to implement secondary 

control from the perspective of the communication link (Sahoo et al., 2018). 

2.4.3. Tertiary Control 

The main goal of the tertiary control is to regulate energy and power to accomplish objectives, 

such as balanced energy storage, lower power flow losses, and lower operating costs. The 

objective of a central tertiary controller is to maximize the system efficiency based on the 

converters' efficiency curve, as illustrated in Figure 2.10. The total demand, micro-grid 

voltage, and converter efficiency curves are determined by an optimization technique, such 

as a partial swarm optimization or genetic algorithm, in order to optimize the converter output 

power (Bompard et al., 2021). 
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Figure 2.10: Centralized tertiary controller for the converter power loss optimization (Hu et al., 
2021). 

 

A tertiary controller is required because a hybrid micro-grid can attain its economical and 

ideal operation with two initial level controllers for voltage and current management. In a 

hybrid micro-grid system, the tertiary controller has evolved into a necessary instrument for 

power and energy management. To increase the overall efficiency of a hybrid micro-grid, 

energy management and power flow control are required (Hu et al., 2021). To achieve the 

objective, the tertiary controller employs a variety of optimization strategies. 

When multiple hybrid micro-grid systems are connected in a group, the main objective of the 

tertiary controller is to synchronize individual incremental costs while controlling power flow 

and load sharing amongst the converters. Furthermore, based on the preferences for 

production costs, a tertiary controller is used to update the set point of the secondary 

controller by adjusting each converter's loading ratio (Abhishek et al., 2020). A tertiary 

controller can achieve the best power production dispatch by eliminating voltage fluctuations 

and adjusting the voltage operating point, in contrast to a secondary controller. 

Several distributed control architectures have been developed by researchers for hybrid 

micro-grid systems that are controlled by various methods (Al-Ismail, 2021). The main 

contribution of these research is the design and implementation of two (local and central) 

smart controller approaches for energy management system in a hybrid micro-grid. The 

controllers are developed to operate with hybrid micro-grid systems that manage battery 

energy systems, allowing the micro-grid voltage and frequency to change depending on the 
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system load and solar radiation. The effectiveness of the suggested approaches has been 

assessed utilizing a variety of load dynamics in various scenarios depending on the metrology 

conditions. The findings obtained using the suggested controllers have ensured the 

operational safety and a high degree of hybrid micro-grid stability. The resulting simulation 

results also show that, for effectiveness and precision, the fuzzy logic method outperformed 

the PID and artificial neural network (ANN) techniques. 

2.5. Energy Management System Algorithms for Hybrid Micro-Grid System 

To optimize micro-grid performance, the energy management system of a hybrid micro-grid 

usually consists of several interconnected algorithms (Bateman, 2018). It is possible to 

integrate and modify these algorithms to meet the specific needs of a given micro-grid by 

employing a variety of software tools and computer languages to implement them (Halifa et 

al., 2016). Some of the typical algorithms utilized in an EMS for a hybrid micro-grid are as 

follows: 

2.5.1. Battery storage optimization algorithm 

The ideal charging and discharging schedules for the batteries in the micro-grid are 

determined by this algorithm, which also takes into account the availability of renewable 

energy sources and the anticipated energy demand (Dolara et al., 2016). An expanding area 

of study and development in energy management is battery storage optimization algorithms. 

These algorithms strive to manage the charge and discharge cycles of batteries intelligently 

to optimize the efficiency and dependability of energy storage devices. The ability of battery 

storage optimization algorithms to lower energy costs for consumers is one of their main 

benefits (Shi et al., 2023). These algorithms can assist in lowering peak energy use and 

avoiding costly demand charges by controlling the charging and discharging of batteries in 

real-time. Also, by storing excess energy during times of low demand and using it later, they 

can aid in lowering the overall energy consumption of buildings and houses (Moghimi et al., 

2018).  

There are several different types of battery storage optimization algorithms, including rule-

based algorithms, model-based algorithms, and machine learning algorithms. Rule-based 

algorithms are relatively simple and rely on a set of predefined rules to manage battery 

charging and discharging. Model-based algorithms are more complex and use mathematical 

models to predict energy demand and optimize battery performance. Machine learning 

algorithms are even more advanced and use artificial intelligence techniques to learn from 

data and continuously improve performance. The effectiveness and dependability of energy 
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storage systems could be greatly enhanced by battery storage optimization techniques. 

There will be a greater need for complex algorithms as more households and buildings 

embrace these systems. We can anticipate even more sophisticated algorithms in the future 

that optimize energy storage and lower customer expenses by utilizing real-time data and 

machine learning approaches (Haider et al., 2020). 

2.5.2. Power flow control algorithm 

This algorithm regulates the power flow inside the micro-grid to maintain the voltage and 

frequency within reasonable bounds and to maintain the stability and dependability of the 

system. These algorithms aid in controlling electricity flow, preventing overloading, and 

enhancing system effectiveness (Feng et al., 2022). Power flow control algorithms are in a 

variety of forms, each with advantages and disadvantages. The common generation control 

algorithm is among the most often used algorithms for controlling the flow of power. In order 

to maintain a balance between generation and load, this algorithm is developed to regulate 

the output of generators in a power system (Fazeli et al., 2014).  

As it is simple to implement and has been around for a while, the common generation control 

algorithm is widely employed in power systems. In large, complicated power systems, where 

conventional approaches might not be adequate, the advanced power flow control algorithm 

is especially helpful (Balamurugan, 2019). For managing the flow of electricity in power 

systems, power flow control algorithms are a crucial instrument. They aid in preventing 

overloads, enhancing system effectiveness, and guaranteeing that consumers will have a 

consistent supply of electricity (Pohl et al., 2018). The algorithm picked will depend on the 

requirements of the power system, and it is important consider this thoroughly to ensure that 

the chosen algorithm is appropriate for the task at hand. 

2.5.3. Demand Response Algorithm 

This algorithm enables the micro-grid to adapt to variations in demand by altering the 

functioning of the various generators and storage devices in order to maintain a balance 

between supply and demand (Hadi et al., 2014). Demand response (DR) algorithms have 

drawn more attention recently as a means of enhancing the dependability and effectiveness 

of electricity systems. These algorithms are made to automatically modify how much 

electricity is used in response to variations in supply and demand, thereby lowering peak 

demand and enhancing grid stability (Priya et al., 2020). Depending on the application and 

algorithm design, the efficiency of DR algorithms can vary.  
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Some algorithms may work better in an office or commercial environment, while others may 

work better in a home or small-scale application (Pi et al., 2021). The accuracy of the data 

inputs and the sophistication of the algorithm's predictive models are other factors that 

frequently affect the performance of a DR algorithm. A more sustainable and effective energy 

system will require the creation of efficient DR algorithms (Ali et al., 2022). We may anticipate 

seeing more advanced and efficient DR algorithms emerge as data analytics and machine 

learning continue to advance, helping to optimize energy use and lessen environmental 

impact. 

Table 2.1 summarizes the advantages and disadvantages of these different EMS algorithms 

for the hybrid micro-grid. 

Table 2.1: Summary of EMS/algorithms in hybrid micro-grid systems 

EMS/Algorithms Advantages Disadvantages 

 

 

 

 

 

 

 

 

 

 

 

 

Battery storage 

optimization algorithm 

(Wong & 

Ramachandaramurthy, 

2021) (Mohamadi & 

Noshahr, 2020) 

• Increased efficiency: they can 

help to maximize the 

efficiency of battery systems 

by reducing the amount of 

energy wasted and ensuring 

that the batteries are charged 

and discharged at the optimal 

times. 

• Reduced energy cost: They 

can assist utilities in making 

financial savings by lowering 

the demand for backup power 

and optimizing resource use. 

• Improved battery lifespan: By 

reducing the number of 

charge and discharge cycles 

required. 

• Enhanced reliability: they can 

help to ensure that battery 

systems are always charged 

and ready to use when 

needed, providing a more 

reliable source of backup 

• Complexity: Battery storage 

optimization algorithms are 

often complex and require a 

high level of technical 

expertise to develop and 

implement. 

• Limited accuracy: While 

battery storage optimization 

algorithms can be highly 

accurate, they are still 

subject to limitations and 

errors. 

• Cost: Implementing battery 

storage optimization 

algorithms can be 

expensive, as it often 

requires the purchase of 

specialized software and 

hardware. 

• Reliability: Battery storage 

optimization algorithms rely 

on data inputs from various 

sources, including weather 
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power in the event of an 

outage or other disruption. 

• Increased use of renewable 

energy: they can help to 

integrate renewable energy 

sources, such as solar or wind 

power, into the grid. 

• Flexibility: they can also be 

customized to suit the specific 

needs of different users, 

allowing for greater flexibility 

in how battery storage is used 

and managed. 

forecasts and energy 

demand data. 

• Risk of overcharging or 

undercharging: Battery 

storage optimization 

algorithms can lead to 

overcharging or 

undercharging of batteries if 

not properly calibrated. 

 

 

 

 

 

 

 

Power flow control 

algorithm (Salem et 

al., 2018) (Mehta et 

al., 2015) (Deokate, 

2022) 

• Improved power system 

stability: These algorithms can 

improve the stability of the 

power system by maintaining 

proper voltage and frequency 

levels. 

• Better utilization of existing 

infrastructure: They can 

ensure that the existing 

infrastructure is utilized to its 

maximum capacity. 

• Increased efficiency: These 

algorithms can improve the 

overall efficiency of the power 

system by reducing losses 

due to overloading or 

congestions. 

• Increased flexibility: They can 

increase the flexibility of the 

power system by enabling 

power to be directed to where 

it is needed most. 

• Enhanced renewable energy 

integration: These algorithms 

can facilitate the integration of 

• Complexity: Power flow 

control algorithms are 

complex and require 

extensive computing 

resources to operate. This 

makes them difficult to 

implement, especially in 

large power systems. 

• Cost: The cost of 

implementing power flow 

control algorithms can be 

prohibitive. 

• Limited control range: The 

control range of power flow 

control algorithms is limited, 

which can restrict their 

ability to regulate power 

flows in certain situations. 

• Sensitivity to system 

changes: Power flow control 

algorithms are sensitive to 

changes in the power 

system, such as changes in 

load demand, power 

generation, and 

transmission line outages. 
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renewable energy sources 

into the power system. 
• Communication delays: 

Power flow control 

algorithms rely on real-time 

communication between 

different devices and 

systems. 

• Cybersecurity risks: The use 

of power flow control 

algorithms can increase the 

risk of cybersecurity attacks 

on power systems. 

 

 

 

 

 

Demand response 

algorithm (Asgher et 

al., 2018) (Hadi et al., 

2020) (Noor et al., 

2023) 

• Reduced energy costs: By 

adjusting energy usage during 

peak demand periods. 

• Increased grid reliability: they 

can help maintain grid stability 

by reducing demand during 

peak periods, thereby 

preventing blackouts or 

brownouts. 

• Improved energy efficiency: 

By optimizing energy usage. 

• Reduced greenhouse gas 

emissions: These algorithms 

can help reduce greenhouse 

gas emissions, which is 

beneficial for the environment. 

• Increased use of renewable 

energy 

• Enhanced grid flexibility: they 

can help make the grid more 

flexible and responsive to 

changing energy demand 

patterns. 

• Improved customer 

engagement 

• Limited Participation: One of 

the main drawbacks of 

demand response 

algorithms is that they rely 

on voluntary participation 

from consumers. 

• Complexity: Demand 

response algorithms are 

complex and require 

significant resources to 

implement and maintain. 

• Lack of Flexibility: Demand 

response algorithms are 

often inflexible and can be 

difficult to adapt to changing 

energy usage patterns. 

• Dependence on 

Communication Networks: 

Demand response 

algorithms depend on 

communication networks to 

function effectively. 

• Cost: The cost of 

implementing and 

maintaining demand 

response algorithms can be 

significant. 
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2.6. Energy Management System Controls for Hybrid Micro-Grid System 

Within a hybrid micro-grid system, the flow of power is managed and controlled by an EMS, 

which is dependent on software (Mansour et al., 2022). It gathers real-time data from different 

sensors, which include PV, wind, and energy storage systems, and analyses it to select the 

ideal operating strategy of the system (Hizam, 2022). The EMS controls determine how to 

use the energy sources and storage systems most efficiently to satisfy the requirement of the 

load, reduce the emissions of carbon, and cut down on total operating costs 

(Thirunavukkarasu et al., 2022). There are several EMS algorithms used in the hybrid micro-

grid systems. The most used algorithms include rule-based control, model predictive control, 

fuzzy logic control, artificial neural network control, and hierarchical control. 

2.6.1 Rule-Based Control 

This algorithm controls the flow of power in the micro-grid based on the pre-established rules 

(khelja et al., 2021). It might be preferred to employ RESs such as solar power or wind power 

when they are available, and when those sources become insufficient, the use of stored 

energy, such as that provided by batteries or backup generators, may be chosen (Meng, 

2020). Although this method is reasonably easy to use, it might not be as effective as more 

complex ones (Moretti et al., 2021). 

2.6.2 Model Predictive Control 

This algorithm selects the energy management strategy that will best achieve a set of goals 

by using a micro-grid model to forecast how various energy management strategies will 

impact the system in the future (such as minimizing energy costs or maximizing renewable 

energy usage) (Shahzad et al., 2022). Compared to rule-based control, this method uses 

more computer resources but has the potential to be more effective and flexible (Babayomi 

et al., 2020). 

2.6.3 Fuzzy Logic Control 

This algorithm utilizes fuzzy logic to make decisions about how to manage energy flow in the 

micro-grid system (Singh et al., 2019). Fuzzy logic, as opposed to conventional Boolean 

logic, enables more nuanced decision-making, which is advantageous when dealing with 

complex systems that contain numerous variables and uncertainties (Rahim, 2022). 

Although very simple to use, this algorithm might not be as accurate as others. 
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2.6.4 Artificial Neural Network Control 

This algorithm uses an artificial neural network (ANN) to learn from data about the micro-grid 

system and make decisions about how to manage energy flow (Akoubi et al., 2022). Together 

with real-time input from sensors and other sources, the neural network can be trained using 

past information about the system. Although it may need more computing power than other 

algorithms, this algorithm has the potential to be incredibly powerful (Dominka et al., 2021). 

2.6.5 Hierarchical Control 

This algorithm divides the micro-grid system into smaller subsystems and applies different 

control strategies to each subsystem while coordinating the overall performance of the 

system (Li et al., 2022). For instance, it might employ various methods to control energy flow 

within a single building as opposed to energy transfer between several buildings in the micro-

grid (Bera et al., 2022). Despite being difficult to implement, this technique could significantly 

enhance the micro-grid to operate more effectively (Mingsheng et al., 2018). 

The EMS is essential for the hybrid micro-grid system to operate at its best, increasing 

dependability and lowering operating costs (Nesihath et al., 2023). Table 2.2 presents a 

summary of previous studies based on EMS using different algorithm. The most suitable 

EMS algorithm is chosen based on the unique needs and limitations of each system. 
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Table 2.2: Summary of Previous Studies on EMS using different algorithm 
Ref. System Configuration Programming 

Language 
EMS Control Remarks 

 

 

 

 

 

(Chaouachi et al., 

2013) 

 

 

 

 

Standalone 

PV/wind/microturbine/fuel 

cell/battery 

 

 

 

 

 

Linear-programming 

 

 

 

 

 

Fuzzy logic 

The forecasting accuracy of machine learning 

was evaluated by predicting error in order to 

validate the neural network ensemble forecasting 

module. In conjunction with multi-objective 

optimization based on linear programming, the 

authors implemented an artificial intelligence 

technique. The goal of these created strategies 

was to lower a micro-grid's emission levels and 

running costs, taking into account pre-operational 

factors like load needs and the availability of 

renewable resources in the future.  

 

 

 

 

(Gracia et al., 

2013) 

 

 

 

 

Renewable micro-grid 

 

 

 

 

Linear programming 

via MATLAB/Simulink 

 

 

 

 

Fuzzy logic 

The development of the hybrid renewable energy 

system's enhanced performance was 

demonstrated by the combination of two distinct 

energy management techniques, namely 

optimization and fuzzy logic control. 

Understanding how to handle uncertainties 

associated with estimates of load demand and 

renewable energy generation was the primary 

goal of this study. These techniques have 
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demonstrated how a hybrid renewable energy 

system should operate. 

 

 

(Serban et al., 

2012) 

 

Autonomous micro-grids with 

classical and RES-based 

generators 

 

 

Hardware-in-the-loop 

(HIL) 

 

 

Real-time digital 

simulator 

 

A novel hardware-in-the-loop (HIL) method was 

developed to test and optimize the frequency 

control mechanism in isolated micro-grids in real 

time. Renewable energy sources and batteries 

constituted the production system. 

 

 

 

 

 

 

(Himabindu & 

Gopichand, 2020) 

 

 

 

 

 

 

Renewable micro-grid 

connected to a main grid  

 

 

 

 

 

 

Linear programming 

via MATLAB/Simulink 

 

 

 

 

 

 

Fuzzy logic 

An ideal energy management system was 

implemented. The primary goals of the research 

were to meet the load's power requirements and 

to keep the energy storage systems, which 

included the battery and the hydrogen charged 

within a predetermined range. The approach was 

successful in maximizing both the energy storage 

systems' lifespan and utilization costs, as 

evidenced by the findings. The authors 

recommended using other techniques, such as 

the grid-connected mode, to assess how well the 

developed energy management system 

operates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work proposes an intelligent adjustment of 

the virtual resistance using a fuzzy logic method 

to offer appropriate energy storage in BESS and 

low voltage changes. The proposed 
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(Beykverdi et al., 

2017) 

 

 

Standalone PV/wind/battery 

 

 

Linear programming 

via MATLAB/Simulink 

 

 

Fuzzy logic and 

real-time 

decentralized technique controls virtual 

resistance to manage the power supply of DGs 

to meet load requirements or recharge batteries 

based on the droop characteristic and SOC level 

of the BESS. It was found that adding more DG 

units or batteries to the micro-grid using the 

recommended fuzzy logic technique can be done 

without defying or affecting the given 

generalizations. 

 

 

 

(Hu et al., 2021) 

 

 

Renewable micro-grid 

connected to a main grid 

 

 

Linear-programming 

 

 

Model predictive 

control 

This report reviews the latest research on 

predictive control in micro-grids. According to this 

study, MPC is currently used in micro-grids and it 

is already showing promise as a competitive 

substitute for well-established power flow, 

frequency, voltage, and efficiency management 

strategies.  

 

 

 

(Kang et al., 2021) 

 

 

 

Renewable hybrid AC/DC 

micro-grid connected to a main 

grid 

 

 

 

Linear-programming 

 

 

 

Artificial Neural 

Network 

This study developed an ANN-based small-scale 

hybrid AC/DC micro-grid energy management 

method. To design the implemented EMS, an 

EMS operating mode was selected, an operation 

profile was selected for each operation mode, 

and ANN training was then applied in each 

mode. 
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(Andre et al., 2023) 

 

 

 

 

 

 

Standalone 

PV/generator/battery 

 

 

 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

 

 

Model Predictive 

Control with real-

time 

measurement 

feedback 

The best possible operation of the DC micro-grid 

has been confirmed in this study by evaluating all 

control levels, guaranteeing the best possible 

operation in terms of the utilization of technical 

resources and economically by obtaining the 

lowest operating costs and extending the life of 

the batteries. Following the established SOC 

limits, the proposed EMS avoids deep 

discharges and instead offers an optimal 

operation in which the EMS makes decisions 

about charging and discharging based on the 

availability of natural resources and the least 

expensive DC micro-grid. 

 

 

 

 

 

 

 

(Bilbao et al., 2022) 

 

 

 

 

 

 

 

Renewable hybrid micro-grid 

 

 

 

 

 

 

 

Linear-programming 

 

 

 

 

 

 

Machine Learning 

method of 

Decision Trees by 

means of Fuzzy 

Logic control 

The main focus of this article, which is primarily 

based on mathematical modelling, is on how 

hybrid micro-grids could operate optimally. This 

kind of network administration involves a number 

of alternatives and obstacles to accomplish. The 

research's primary contribution was the 

mathematical modelling of several hybrid micro-

grid components. This modelling can be used in 

a variety of network control and management 

techniques, and three different approaches—one 

of which is based on the Decision Tree method, 
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which is part of the Machine Learning family 

have demonstrated its viability. The results on a 

test system with 69 buses shown that its 

management could be put into practice. 

 

 

 

 

 

(Wynn et al., 2023)  

 

 

 

 

 

Renewable micro-grid 

connected to a main grid 

 

 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

 

Particle Swarm 

Optimization 

(PSO) and 

Demand 

Response (DR) 

In this research, an energy management system 

has been proposed to give improved load 

management techniques and control facilities. 

Moving the flexible load in the micro-grid system 

is one way that a decentralized energy 

management system has been proposed to 

reduce the system's running costs. The 

developed approach made use of a demand 

response (DR) schedule to keep the balance 

between supply and demand, as well as optimal 

scheduling of the local generation resources. 

 

 

 

 

 

 

 

(Qu et al., 2022) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

 

 

 

 

Fuzzy Logic 

This study outlined the topology of an AC/DC 

hybrid micro-grid based on solid-state 

transformers (SSTs). An energy management 

method was developed in order to solve the 

issues with the fixed droop coefficient that are 

now present in conventional droop control 

systems. Because of this static coefficient, the 

power distribution remains constant even when 

the system's operating conditions like the 
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Renewable hybrid AC/DC 

micro-grid connected to a main 

grid 

unpredictable nature of renewable energy 

sources change. An innovative adaptive droop 

control method is created for the energy storage 

system in order to further enhance the financial 

advantages of power users and prolong the 

operational life of supercapacitors. 

 

 

 

(Reddy et al., 

2022) 

 

 

 

Standalone PV/wind/battery 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

Fuzzy Logic 

This study presented a novel hybrid battery and 

PV-wind turbine power system. The 

recommended model's dynamic behaviour was 

investigated in a range of operational scenarios. 

The designed system performed remarkably well, 

as did its control method. The proposed model 

provides a helpful instrument for raising the 

smart grid's efficiency. 

 

 

(Sayeed et al., 

2022) 

 

 

Hybrid micro-grid PV/fuel 

cell/battery/supercapacitor 

connected to main grid 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

Fuzzy Logic 

Fuel cell drawbacks are successfully mitigated by 

the proposed hybrid energy system, which 

includes solar panels, fuel cells, batteries, and 

supercapacitors. It overcomes the shortcomings 

of the individual source and provides the load 

with consistent, enough power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this paper, it was proposed that small hybrid 

DC/AC micro-grids could benefit from an artificial 

gorilla troop optimizer optimized neural network 

energy management system. To operate in each 



  37 

 

 

 

 

(Troops, 2022) 

 

 

 

Renewable hybrid AC/DC 

micro-grid connected to a main 

grid 

 

 

 

Linear-programming 

via MATLAB neural 

network 

 

 

 

Artificial Neural 

Network 

mode of the proposed energy management 

system, a neural network was developed. The 

performance of neural-network energy 

management systems optimized using 

Levenberg-Marquardt, GA, PSO, and cuckoo 

search was investigated using a synthetic gorilla 

troop optimizer. Its 99.55 percent efficiency 

showed that it performed better than the cuckoo 

search-optimized neural-network energy 

management systems, GA, PSO, Levenberg-

Marquardt, and GA. 

 

 

 

 

 

 

(Aviles et al., 2018) 

 

 

 

 

 

Renewable micro-grid 

PV/wind/battery connected to 

the main grid 

 

 

 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

 

 

 

Fuzzy Logic 

Both the load demand and the renewable 

generation were assumed to be uncontrollable in 

the proposed energy management system. 

Maintaining a safe Battery State of Charge while 

reducing variations in the Grid Power Profile was 

the main goal of the EMS. Rather of relying 

solely on forecasts, the implemented system 

uses both the battery SOC and the micro-grid 

energy rate-of-change to increase, decrease, or 

maintain the power delivered to/absorbed by the 

mains. 

 

 

 

 

 

 

 

 

In this work, an energy management in an island 

micro-grid was studied using model predictive 
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Model Predictive 

Control 

control. The objective was to lower the rate of 

storage system degradation, enhance the usage 

of renewable energy, and improve micro-grid 

operational efficacy. The benefits of energy 

scheduling with MPC were emphasized by 

comparing it with a heuristic-based method such 

as fuzzy inference. When compared to heuristic 

methods, it was found that MPC ensures better 

performance on an islanded micro-grid. 

 

 

 

 

(Sraidi et al., 2022) 

 

 

 

Micro-grid PV/wind/battery/EV 

connected to main grid 

 

 

 

Linear-programming 

via MATLAB/Simulink 

 

 

 

Particle Swarm 

Optimization 

This paper proposed a corresponding energy 

management system. This led to the 

presentation of an improved particle swarm 

optimization method with dynamic learning 

parameters and weights, which enhanced the 

system's ability to engage in social cognition and 

self-learning. The results showed that the micro-

grid can maximize system operation efficiency 

and achieve self-sufficiency. 
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2.7. Future Scope and Challenges 

Energy management system (EMS) algorithms and controls play a crucial role in the 

operation and optimization of hybrid micro-grid systems, which integrate multiple sources of 

energy generation, storage, and consumption. By looking into the future, there are several 

areas of potential growth and development, along with associated challenges. The rise of 

renewable energy sources, like solar and wind, in hybrid micro-grids demands advanced 

EMS algorithms. These algorithms should adeptly manage the intermittency and variability 

of renewables. Addressing the unpredictable nature of renewables requires sophisticated 

forecasting techniques and real-time optimization to ensure grid stability and reliability. 

Future EMS algorithms must juggle multiple objectives such as cost reduction, grid stability, 

and sustainability. They need to employ multi-objective optimization techniques to strike a 

balance among these goals.  

Balancing competing objectives while considering factors like energy prices, environmental 

impact, and grid constraints presents a significant challenge. Energy Storage Systems (ESS) 

are integral to hybrid micro-grids, offering flexibility and grid support. Future EMS algorithms 

should optimize ESS operation, including charging/discharging scheduling and state-of-

charge management. Managing ESS effectively entails addressing issues like battery 

degradation, cycle life, and optimal utilization under varying grid conditions. Hybrid micro-

grids must seamlessly transition between grid-connected and islanded modes during 

outages. Future EMS algorithms should facilitate smooth transitions, ensuring grid stability 

and load balance.  Implementing reliable islanding detection, load shedding strategies, and 

autonomous control mechanisms pose challenges in maintaining grid stability during 

transitions. With increasing reliance on digital control systems, future EMS algorithms must 

prioritize cybersecurity measures to safeguard against cyber threats and ensure operational 

resilience. Developing robust cybersecurity protocols and ensuring resilience against 

cyberattacks or system failures is a critical challenge.  

To foster seamless integration and communication between diverse micro-grid components 

and EMS platforms, future efforts should focus on standardization and interoperability. 

Establishing common standards and protocols across different vendors and platforms to 

ensure compatibility and interoperability presents a significant challenge. Future EMS 

algorithms should be scalable and adaptable to accommodate the evolving complexity and 

diversity of hybrid micro-grid systems. Ensuring scalability and flexibility to accommodate 

changes in system configurations, expansions, and evolving operational requirements is a 

persistent challenge. In this review, many developed advanced algorithms to improve energy 
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management in hybrid renewable micro-grids, including model predictive control, fuzzy logic, 

and artificial neural networks have been listed. These algorithms have shown promising 

improvements in the sustainability, cost-effectiveness, and energy efficiency of micro-grids. 

Additionally, a summary of previous studies based on EMS using different algorithm have 

also been presented in this review.  

This complete review revealed that most studies on energy management for hybrid 

renewable energy systems have been done using Fuzzy Logic control, due to its ability to 

handle complex, uncertain, and nonlinear systems effectively, and few cases are focused on 

other methods. Thus, it is important to develop new methods and techniques to control and 

to manage the power flow in a hybrid renewable micro-grid system. Furthermore, the review 

emphasizes how crucial it is to continue this kind of research and development to improve 

the efficiency and scalability of energy management system algorithms for hybrid renewable 

micro-grids. Global efforts to reduce carbon emissions and combat climate change can be 

greatly aided by the widespread adoption of these systems in a variety of applications, 

including remote communities, industrial parks, and smart cities. 

2.8. Summary 

This chapter discussed a comprehensive literature review, which included not only the 

concept of hybrid micro-grid, but also considered the energy management systems. 

Thereafter, the focus was on different micro-grid types. Additionally, some of the EMS 

algorithms were reviewed and appropriately presented to understand their suitability in hybrid 

micro-grid system applications. 

This study has as its main objective to develop an energy management control to increase 

the performance and scalability of hybrid renewable micro-grid systems. To understand the 

operation and configuration of a suitable energy management system, a literature review on 

different EMS controls for hybrid micro-grid systems like fuzzy logic control, rule-based 

control, model predictive control, hierarchical control as well as artificial neural network 

control was presented. The body of research to date has shown that, except for a few 

examples, most research on EMS for hybrid renewable micro-grids has focused on fuzzy 

logic control. To regulate and manage the flow of energy in hybrid renewable micro-grids, it 

is crucial to implement new strategies and methods. 

 

 



  41 

CHAPTER 3: FUNDAMENTAL CIRCUIT MODEL OF VOLTAGE SOURCE 
CONVERTERS 

Article 1: Basic Circuit Model of Voltage Source Converters: Methodology and Modelling 

In this chapter fundamental VSC circuit model with an output LC filter is discussed. An AC-

DC converter serves as the primary power interface between the hybrid micro-grid and 

distributed generators. A voltage source converter operates in two modes. When used as a 

DC bus control, it functions as an active rectifier. When used in the grid-forming mode or 

grid-feeding mode it functions as an inverter by utilizing various control loops. A 

comprehensive guide including a range of methods, such as phase lock loop, direct 

quadrature zero (DQZ) synchronous frame, as well as space vector pulse width modulation 

(SVPWM) is also introduced.  

Additionally, information on fundamental theory and architecture, which enables the VSC to 

operate in inverter mode by integrating the developed control loops, as well as in rectifier 

mode using DC bus control are also reviewed. Furthermore, this study provides an in-depth 

overview of the fundamental circuit model of VSCs, control strategies, and accurate 

modelling techniques. This paper aims to contribute to the advancement of VSC-based 

power electronics applications and their integration into contemporary power systems for 

increased efficiency, reliability, and sustainability by offering insights into the basic ideas and 

practical considerations related to VSCs. 
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CHAPTER 4: ENERGY MANAGEMENT STRATEGY FOR DC MICROGRID 
SYSTEM 

Article 2: Energy Management Strategy for DC Micro-Grid System with the Important 
Penetration of Renewable Energy 

The objective of this article is to finally preserve the appropriate operation of the DC micro-grid 

system by concentrating on its energy management system (EMS) control. Various loads, 

including commercial, industrial, and residential loads, are taken into consideration when 

developing this DC micro-grid model. The Stateflow logical programming environment in 

MATLAB/Simulink software is utilized in the design and development of this EMS algorithm. 

The energy management system algorithm demonstrates its ability to guarantee the 

dependability, resilience, robustness, and correct functioning of the system based on all of the 

developed circumstances. 

The results show that the energy management technique performs well in a variety of 

scenarios, successfully balancing energy generation and consumption while maintaining the 

dependability of the micro-grid system. The technique exhibits adaptability and resilience, 

ensuring stable operation and minimal disruptions despite fluctuations in renewable energy 

generation and load demand. Moreover, the robustness study emphasizes how adaptable the 

energy management plan is to uncertainties and changes in the micro-grid environment.  
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CHAPTER 5: HYBRID MICROGRID LOCAL CONTROLLER 
 

Article 3: Implementation of Local Controller for Micro-Grid System 

The principal controller implementation for various hybrid micro-grid applications is covered in 

this chapter. Low-level variables including the injection of voltage, current, and frequency into 

the VSC are locally regulated by the primary controller are also discussed. It has been seen 

that zero-level micro-grid control is another term for the management of these variables, which 

pertain to different power converter control operations based on how they function in the AC 

micro-grid. Moreover, the definition and application of various primary control operations for 

distinct micro-grid cases that utilize a DC source and PV array are examined. DC voltage 

regulation is an essential part of the system because solar panels provide DC power that 

requires regulation to guarantee consistent as well as dependable operation. Since the inverter 

is directly connected to PV arrays, thus the PQ method is utilized because this PQ controller 

handled the AC power injection. The PQ method regulates the power flow between a power 

source and a load by controlling the real and reactive powers independently. The PV voltage 

and current are adjusted to match those of the load. To achieve the control, PI controller are 

used to receive input signals from measured load voltage and current values. The output 

voltage is adjusted to regulate the reactive power, while the output current is adjusted to control 

the real power used in the simulation. These two outputs (voltage and current) are adjusted to 

reach the required power flow while maintaining synchronization with the load. 
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CHAPTER 6: ENERGY MANAGEMENT SYSTEM FOR A HYBRID 
RENEWABLE AC MICRO-GRID SYSTEM 

 

Article 4: Energy Management Strategy for a Hybrid Micro‑Grid System Using Renewable 
Energy 

An energy management system for a hybrid micro-grid system using renewable energy 

sources is provided in this chapter. For a hybrid renewable micro-grid system to operate 

efficiently, it needs a sophisticated energy management plan that can handle the intricate 

relationships between various energy sources and loads. Certain aspects, such as variations 

in demand and weather patterns, must be taken into account in this method. It is important to 

accomplish the main goals of these systems, which are to maximize the use of renewable 

energy, lower greenhouse gas emissions, encourage energy independence, and maintain grid 

resilience.  

This article aims to maximize the deployment of renewable energy resources and increase 

their integration in the power system by developing an energy management system for a hybrid 

renewable micro-grid system. Thus, the main objective of this work is to implement an energy 

management strategy that regulates the energy flow between the hybrid micro-grid system 

and the load as well as the utility grid using MATLAB/Simulink software. The second goal is to 

control the battery charge and discharge. According to the energy management strategy, the 

battery could only be charged if the amount of power produced from renewable sources 

accounted for at least 20% of the overall amount produced. 

The results demonstrate that the developed algorithm is able to maintain a proper relationship 

between the battery charging and discharging rates based on its operating conditions, control 

the energy flow between the hybrid micro-grid system and the variable AC load, which is 

directly connected to micro-grid and connected to the utility grid. Finally, battery SOC is 

maintained within allowable bounds because of the charging conditions that use higher 

charging power. 
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CHAPTER 7: REAL–TIME ENERGY MANAGEMENT SYSTEM FOR A 
HYBRID RENEWABLE AC MICRO-GRID SYSTEM 

 

Article 5: Real-Time Energy Management System for a Hybrid Renewable Micro-Grid 
System 

This chapter provides a thorough analysis of the real-time software-based design and 

implementation of an energy management system (EMS) for a hybrid renewable micro-grid 

system. Micro-grids have difficulties in preserving stability and dependability despite their 

capacity to include renewable energy sources. The aim and objective of this article are 

accomplished through the implementation and development of a hybrid micro-grid model using 

the virtual environment of the Typhoon Hardware-in-loop (HIL) simulation program with HIL402 

configuration. The results show that the developed control is able to regulate the energy flow 

between the load and the renewable energy resources including the utility grid. Moreover, it 

guarantees the best possible correlation between the rates of battery charge and discharge. 

Furthermore, the results show that utilizing a higher charging power instead of a small one, 

optimize the charging time. The battery therefore obtained a full charge more quickly than 

usual.  
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSION 
 

8.1. Introduction 

In this chapter, a general discussion of the developed EMS for the hybrid micro-grid using 

MATLAB/Simulink software and Typhoon HIL404 blocks available in the Typhoon HIL software 

is discussed. The discussion of the simulation results is involved in this chapter since it 

presents many specified simulation processes and describes the model structure. Simulink 

blocks from the MATLAB/Simulink software were used to design and develop the hybrid micro-

grid simulation model and hardware and software solutions for real-time simulation were 

utilized to conduct the testing, validation and optimization performance of the developed EMS. 

The blocks used include photovoltaic, wind power, generator, battery, inverter and converters, 

transformer, a variable load and a utility grid. Additionally, blocks for load, circuit breakers, 

display devices and measuring were also utilized. 

The organization of this chapter is as follows: Section 8.2 provides the fundamental VSC circuit 

model connected to the LC filter discussion. Section 8.3 introduces the discussion of the 

implementation of energy management strategy for DC micro-grid system with the important 

penetration of renewable energy. Section 8.4 discusses the principal controller implementation 

for different hybrid micro-grid applications. Section 8.5 discusses the energy management 

strategy for a hybrid micro‑grid system using renewable energy using MATLAB/Simulink and 

Section 8.6 covers the EMS control simulations using Typhoon HIL software. Section 8.7 

provides the conclusion of the research. 

8.2. Fundamental VSC Circuit Model Connected to the LC Filter Discussion (Article 1) 

Chapter Three presented the fundamental VSC circuit model connected to the LC filter. The 

literature revealed that the primary power interface between the hybrid micro-grid system and 

distributed generators is an AC-DC converter. The operating modes of a voltage source 

converter were discussed as well in this article. It was seen that when the VSC is used as a 

DC bus control, it functions as an active rectifier. When used in the grid-forming mode and 

grid-feeding mode it functions as an inverter by utilizing various control loops. Finally, a 

comprehensive guide including a range of methods, such as phase lock loop, direct quadrature 

zero synchronous frame, as well as space vector pulse width modulation was also introduced. 

The fundamental voltage source converter circuit model connected to the LC filter is crucial 

because it helps in reducing harmonic distortions and improving the overall power quality in 

the micro-grid. This ensures stable and clean power supply, which is essential for sensitive 
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loads and the integration of various renewable energy sources. It also plays a key role in 

converting DC power from renewable sources like solar panels or batteries to AC power, which 

is required for most loads and for synchronization with the main grid. The LC filter aids in 

smoothing out the output, making the conversion process more efficient. Understanding the 

VSC circuit model and its interaction with the LC filter is essential for designing systems that 

can seamlessly integrate with the main grid or operate in island mode. This ensures that the 

micro-grid can handle fluctuations in supply and demand without compromising stability. In 

essence, the significance of introducing the fundamental VSC circuit model connected to the 

LC filter lies in its ability to address key challenges in energy conversion, stability, integration, 

management of hybrid renewable micro-grid systems. 

8.3. Discussion of the Implementation of Energy Management Strategy for DC Micro-
Grid System with the Important Penetration of Renewable Energy (Article 2) 

Chapter Four introduced the implementation of energy management strategy for DC micro-

grid system with the important penetration of renewable energy. The objective of the article 

was to finally preserve the proper operation of the DC micro-grid system by focussing on EMS 

control. Different loads, including commercial, industrial, and residential loads, were 

considered when implementing this DC micro-grid model. The Stateflow logical programming 

environment in MATLAB/Simulink software was used to design and develop the EMS 

algorithm. This chapter demonstrates how the EMS effectively manages the load in isolated 

mode, ensuring the proper functioning of the battery within the micro-grid system. This 

algorithm demonstrated its capability to assure the dependability, resilience, robustness, and 

correct operation of the system based on all of the developed circumstances. The results 

shown that this control performed well in a variety of scenarios, successfully balancing power 

production and consumption while maintaining the dependability of the micro-grid system. 

The technique exhibited adaptability and resilience, ensuring stable operation and minimal 

disruptions despite fluctuations in renewable energy generation and load demand. Moreover, 

the robustness study emphasized how adaptable the energy management plan was to 

uncertainties and changes in the micro-grid environment. 

8.4. Discussion of the Principal Controller Implementation for Different Hybrid Micro-
Grid Applications (Article 3) 

Chapter Five covered the principal controller implementation for different hybrid micro-grid 

applications. This article discussed the injection of current and voltage into the VSC, which are 

locally regulated by the primary controller. It has been seen that zero-level micro-grid control 

is another term for the control of these variables, which relates to different power converter 
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control modes based on how they function in the AC micro-grid. Moreover, diverse local control 

applications for micro-grid systems that utilize a DC source and PV array have been examined. 

The DC voltage regulation was an essential part of the system because solar panels provide 

DC power that requires regulation to guarantee consistent and dependable operation. Since 

the inverter was directly connected to the PV arrays, the PQ control was used because it 

handles the AC power injection. The PQ control mode regulates the power flow between a 

power source and a load by controlling the real and reactive powers independently. The PV 

voltage and current were adjusted to match those of the load. To achieve the control, PI 

controllers were used to receive input signals from the load voltage and current measured 

values. The output voltage was adjusted to regulate the reactive power, while the output 

current was adjusted to control the real power used in the simulation. To obtain the required 

power flow, the output voltage and current were adjusted while maintaining synchronization 

with the load. 

The significance of implementing local controllers in hybrid renewable micro-grid systems lies 

in their ability to enhance the efficiency, reliability, and sustainability of energy management, 

ensuring that each resource is used optimally based on availability and demand. They enable 

the seamless integration of various renewable energy sources, making the system more 

resilient to fluctuations in energy supply and demand. Local controllers help maintain the 

stability and reliability of the micro-grid by balancing supply and demand in real-time, 

preventing issues such as power outages or overloading. The PQ control was developed to 

regulate the power flow between the DC power source and the load by controlling the real and 

reactive powers independently. This regulated power was used in the simulation developed in 

article 4. 

8.5. Discussion of the Energy Management Strategy for a Hybrid Micro‑Grid System 
Using Renewable Energy using MATLAB/Simulink (Article 4) 

Chapter Six presented the results of the simulation of the developed energy management 

strategy. To achieve the aim and objectives of the study, MATLAB/Simulink software was 

used in Chapter Seven to implement and develop the hybrid micro-grid model, as well as to 

develop the control system scheme and the EMS algorithm. The Stateflow logical 

programming environment in MATLAB/Simulink software was also utilized in the development 

of the control system schemes. A comprehensive discussion on the resilience and efficacy of 

the implemented Energy Management System control in managing the load is presented.  

This chapter demonstrates how the EMS effectively manages the load in both isolated and 

grid-connected modes, ensuring the proper functioning of the battery within the hybrid micro-
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grid system in comparison to Article 2, which focused only in isolated mode. The discussion 

is supported by four conducted case studies, which illustrate the system's performance and 

reliability. Firstly, the robustness of the algorithm when the power produced was equal to the 

requirement of the load was presented. The results showed that the demand of the load was 

met by the power generated from the RESs (PV and wind) without any interruption. Secondly, 

the effectiveness of the control was presented when the power generated exceeded the 

requirement of the load. The results have demonstrated that the requirement of the load was 

met by the supplied power. The production excess was stored in the battery. When the battery 

was fully charged, any surplus of the power generated was sent to the utility grid. Thirdly, 

when the requirement of the load exceeds the power produced was also assessed. The 

results have demonstrated the robustness of the control by automatically connecting the 

battery to meet the requirement of the load.  

The developed algorithm calculated and evaluated the difference between the production 

power and the required power of the load, while simultaneously monitoring the battery SOC. 

Thus, the load was met by the assistance of the battery. Finally, the performance of the 

developed control was demonstrated when the battery attained the minimum limit (20%). The 

requirement of the load in this situation was met either by the utility grid or diesel generator, 

according to the grid accessibility. When the grid was available, it supplied the power to the 

load. In the case where it was inaccessible, the diesel generator was activated to supply the 

required power to the load. The developed energy management strategy in this study has 

shown the control effectiveness in comparison to the other controls found in the literature. This 

technique ensures an uninterrupted power supply to the AC variable load and maintains the 

battery SOC within permissible limits by employing high charging power.  

This study indicated that the battery could be recharged when the generated power exceeds 

20% of the power produced from the renewable energy sources. The threshold of 20% excess 

power generation is set to ensure that the battery charging process starts only when there is 

a significant surplus, thus avoiding frequent, small charge cycles that can reduce battery 

lifespan. Due to the RESs intermittent nature, in this application, a higher charging power was 

necessary to rapidly charge the battery. The results indicated the feasibility of maximizing 

charging time using higher power, leading to improved energy density utilization. 

The fast charging model is designed to charge the batteries quickly up to a certain level of 

SOC and then slow down the charging rate to prevent damage to the battery and extend its 

lifespan. At the beginning of the charging process, a high power input was used to quickly 

charge the battery up to approximately 70% SOC. This phase used a higher current to rapidly 
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increase the charge level. The value of this higher power can vary depending on the battery 

specifications and system requirements, but typical values for the charging power in the initial 

phase can range from 0.5C to 1C (where C is the battery’s capacity in ampere-hours). For this 

research, a 900 Ah battery was charged at 0.5C which received 450 A of current. 

Once the battery reaches around 70% SOC, the charging rate was reduced to prevent 

overheating and overcharging, which can damage the battery cells and reduce their lifespan. 

The charging power was gradually reduced as the battery approaches full capacity. This 

slower charging rate helps maintain the battery's health and ensures a longer operational life. 

The initial fast charging power was 0.5C of the battery capacity from 0% to 70% SOC. For the 

900 Ah battery, 450 A of charging current were considered and as the battery approached full 

charge, the charging power was reduced, less than 0.5C from 70% to 100% SOC. 

This implemented control algorithm contributes to achieve a power balance, with the battery 

SOC consistently meeting the specified values to extend battery life. The operating point, the 

battery charging/discharging relationship, overcurrent, overvoltage, and unbalanced 

conditions, which may generally affect the battery lifetime and the hybrid micro-grid reliability 

have been improved by this novel approach. The study illustrated that a battery charged at 

higher power can be more versatile in terms of charging options. By being compatible with 

different charging environments, this control demonstrated that greater flexibility and 

adaptation to a variety of charging scenarios are provided by batteries with higher charging 

power. Due to the intermittent behaviour of the RESs, a higher charging power was adopted 

to charge the battery within a smaller charging time-window.  

By using a higher power, most of the available charging duration can be made. Additionally, 

the energy density utilization was improved by charging the battery with higher power. The 

results also showed that it is a possible to maximize the rate at which the energy is transferred 

into the battery by charging it at higher power, and it ensures efficient utilization of its energy 

storage capacity. It was realized that when the battery was charged at lower power levels, the 

charging process was very slow and in real life, this can produce heat, and heat may be harmful 

to the lifespan of batteries. Increasing the power input during charging can shorten the 

charging period, minimize the total heat production, and possibly increase the longevity of 

batteries. 
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8.6. Discussion of the Energy Management Strategy for a Hybrid Micro‑Grid System 
Using Renewable Energy using Typhoon HIL402/404 System/Platform (Article 5) 

To achieve the aim and objectives of the study, the developed EMS control was tested, 

validated and optimized utilizing real-time digital simulator of Typhoon HIL. The simulation 

results of the developed energy management strategy were presented in Chapter Seven. 

Scenario 1: The battery, grid and diesel generator are not connected in this case as illustrated 

in the HIL SCADA panel interface in Figure 8.1. The system operates in isolated mode; this 

can also be seen from the HIL panel showing the LED indicator of islanded operation mode 

in green. The highlighted circles illustrate different values and operation of the system on HIL 

SCADA panel based on each scenario in which battery, wind plant, PV plant, diesel genset, 

variable load and utility grid interfaces and the micro-grid controller are presented.
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Figure 8.1: HIL SCADA panel interface for scenario 1. 

Scenario 2: Based on this scenario, the produced power becomes more than the requirement of the load as illustrated in the HIL SCADA panel 

interface Figure 8.2. 
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Figure 8.2: HIL SCADA panel interface for scenario 2. 

Figure 8.3 shows the HIL panel interface when the battery is fully charged and the utility grid is connected to the system to be supplied by the 

excess of production. 
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Figure 8.3: HIL SCADA panel interface for grid connected mode. 

Scenario 3: This Figure 8.4 shows the HIL SCADA panel interface when the load demand exceeds the power generation.
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Figure 8.4: HIL SCADA panel interface for scenario 3. 

When the battery reaches its minimum limit, it is disconnected. Figure 8.5 presents the HIL SCADA panel interface for the third scenario.
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Figure 8.5: HIL SCADA panel interface when the battery attained its minimum value. 

The HIL SCADA panel interface for scenario 3 when the utility grid is not available, is illustrated in Figure 8.6.
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Figure 8.6: HIL SCADA panel interface when diesel generator switched on. 

 



  159 

Two different software platforms have been used in this research. Simulink blocks from the 

MATLAB / Simulink software were used in the design and development of the hybrid micro-

grid simulation model and Stateflow logical programming environment was employed to 

implement the EMS algorithm model. Hardware and software solutions for real-time 

simulation from Typhoon HIL software was utilized to test, validate and optimize the 

developed energy management control performance. Through the development of an 

advanced EMS control for hybrid micro-grid systems integrating RESs, this research 

contributes to the body of knowledge already in existence. In order to build a robust and 

effective energy network, the study integrates solar, wind, and diesel generator with a battery. 

Intermittency related issues were the main focus, along with energy dispatch optimization and 

system stability. 

Developing an algorithm to optimize the coordination of RESs and battery energy storage 

inside a hybrid micro-grid was the motivation behind this study, which aimed to expedite the 

adoption of sustainable energy solutions. This work offers useful insights for engineers, 

policymakers, and stakeholders engaged in the planning and execution of renewable energy 

projects by creating reliable EMS control for hybrid micro-grid systems. Beyond just 

theoretical developments, the potential impact offers real help in the shift to cleaner, more 

sustainable energy sources in the future. Furthermore, by offering useful instructions for the 

development and management of hybrid micro-grid systems, this research encourages a 

wider adoption of sustainable energy practices. Additionally, the implemented algorithm 

control is adaptable, allowing users to access and modify any control parameter. 

The test from the Typhoon HIL software demonstrates the effectiveness of the implemented 

EMS control. The results found in the Typhoon HIL software are coherent with those found in 

the MATLAB/Simulink software. The developed EMS algorithm enhances the integration of 

RESs into the power grid and facilitates their optimal deployment. It also satisfies all scenarios 

illustrated and regulates the energy transfer between the utility grid, the load demand, and the 

hybrid micro-grid system. Additionally, the developed energy management system controls 

the battery’s state of charge and discharge and allows the battery to avoid rapid charge and 

deep discharge by maintaining its SOC into admissible conditions. The results comparison 

from MATLAB/Simulink software and Typhoon HIL software is presented in Table 8.1. 
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Table 8.1: Results Comparison 

Conditions MATLAB / Simulink Typhoon HIL 

Scenario 1 (𝑷𝑷𝑮𝑮 = 𝑷𝑷𝑳𝑳) 

𝑷𝑷𝑮𝑮 = 𝑷𝑷𝑳𝑳 For this scenario, the generated 

power from the renewable energy 

sources is equal to the demand of 

the load, then, the load is provided 

without any interruption.  

The real–time simulation 

demonstrated that the load 

demand was perfectly supplied 

by the power generated from the 

RESs and supplied without any 

interruption. 

Scenario 2 (𝑷𝑷𝑮𝑮 > 𝑷𝑷𝑳𝑳) 

𝐒𝐒𝐒𝐒𝐒𝐒 < 100% When the power generated 

becomes more than the load 

demand, the surplus of the 

production was used to charge the 

battery based on the charging 

conditions. 

The real–time simulation 

showed that the condition was 

respected. The battery was 

charged until its reached its 

maximum value and at the same 

time the load was also supplied. 

𝐒𝐒𝐒𝐒𝐒𝐒 = 100% When the battery was fully charged, 

it was disconnected from the 

system and the remaining excess 

of production was sent to the utility 

grid and at the same time, the load 

was supplied without interruption. 

The simulation in real–time 

confirmed that the condition was 

successfully respected. The 

battery was automatically 

disconnected and the surplus of 

production was supplied to the 

utility grid and the load was 

supplied. 

Scenario 3 (𝑷𝑷𝑮𝑮 < 𝑷𝑷𝑳𝑳) 

𝐒𝐒𝐒𝐒𝐒𝐒 > 20% The third scenario was when the 

generated power was not able to 

handle the load demand. The 

requirement of the load was met by 

the help of the battery according to 

its SOC state. The load was 

supplied by the available power 

generated from the renewable 

energy sources and the battery. 

When the battery discharge limit 

was reached, it was disconnected 

from the system. 

The real–time simulations have 

shown that the conditions were 

reached. The power generated 

from the renewable energy 

sources and battery supplied the 

load. When the minimum value 

of the SOC was attained, the 

battery was automatically 

disconnected from the system. 
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𝐒𝐒𝐒𝐒𝐒𝐒 ≤ 20% The third scenario was when the 

battery reached its minimum value 

and the generated power was not 

able to handle the load demand. 

For this case, the load demand was 

met by the utility grid or the diesel 

generator assistance according to 

the utility grid accessibility. 

The simulation on the real–time 

demonstrated that the load 

demand was supplied by the 

help of the utility grid or diesel 

generator based on the utility 

grid availability and the power 

generated from the renewable 

energy sources. 

Utility grid availability = 1 For the first case when the utility 

grid was available, the load 

demand was supplied by the 

available produced power and the 

utility grid. 

The real–time simulation 

showed that the condition was 

satisfied and the load demand 

was supplied by the available 

power generated and the utility 

grid. 

Utility grid availability = 0 For the second case when the 

utility grid was not available, the 

load demand was supplied by the 

available power generated RESs 

and the diesel generator. 

The simulation in real–time 

showed that the condition was 

met and the load demand was 

met by the available generated 

power and the diesel generator. 

 

8.7. Conclusions 

The transition towards a more sustainable and resilient energy future has led to increased 

interest in hybrid renewable micro-grid systems. These systems combine different renewable 

energy sources, energy storage technologies, and advanced control strategies to create a 

localized energy network, which can operate in both connected to and independently from a 

utility grid. An energy storage system is an essential component of hybrid renewable micro-

grid systems, offering a wide range of benefits that improve energy reliability, efficiency, cost-

effectiveness, and environmental sustainability. The most popular energy storage devices in 

renewable micro-grids is batteries. They store and manage energy, which effectively 

addresses the inherent challenges of intermittent RESs.  

This research implemented and developed an energy management system for a hybrid 

renewable micro-grid system. MATLAB/Simulink software was used to develop the hybrid 

micro-grid model and the EMS algorithm control, and Typhoon HIL’s real - time digital simulator 

was used to test, validate and optimize their performance. This research aimed to implement 

an EMS control for hybrid renewable micro-grid systems in order to maximize the use of RESs 

and improve their integration into the power grid. Thus, the primary objective of this research 
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was to implement an EMS control that regulates the energy transfer between the hybrid micro-

grid system and both directly connected to the load and the utility grid. The battery charge / 

discharge control was the second objective of this study. Various sequences were employed 

to conduct these objectives, including designing a model of the components of a hybrid micro-

grid that was used in the simulation, developing a simulation of a hybrid micro-grid, developing 

a control scheme for the hybrid micro-grid, and developing an EMS algorithm for the hybrid 

micro-grid system. 

In order to achieve the aim and objectives of the study, MATLAB/Simulink software was used 

to implement and develop a micro-grid model, as well as to develop a control system scheme 

and an energy management system algorithm. Firstly, a DC micro-grid system operating in 

isolated mode was developed and secondly, a hybrid AC micro-grid system operating in both 

isolated and connected to the utility grid was also developed. The Stateflow logical 

programming environment method in MATLAB/Simulink software was utilized in the 

development of the control system scheme. The developed EMS control was tested, validated 

and optimized utilizing Typhoon HIL’s real - time digital simulator. During the simulation, a 

variety of scenarios were utilized to demonstrate the resilience and efficacy of the developed 

EMS control to support the load in both isolated and grid-connected modes and guarantee the 

battery in the hybrid micro-grid system operates as intended.  

The objective of the work presented in Chapter Four was to implement an energy management 

system and control system methods for the DC micro-grid using MATLAB/Simulink software. 

This algorithm demonstrated its capability to assure the dependability, resilience, robustness, 

and correct operation of the system based on all of the developed circumstances. The results 

show that the battery could manage the load requirements for each of the scenarios that were 

taken into consideration. Furthermore, compared to previous comparable works, this 

developed method had a 20% lower total cost and a lower battery degrading impact. The 

results also demonstrated that the economic analysis in terms of levelized cost of energy 

(LCOE) could drop and that the initial investment cost could be relatively lower. 

The work presented in Chapter Six and Chapter Seven demonstrated how the developed EMS 

effectively manages the load in both isolated and grid-connected modes, ensuring the proper 

functioning of the battery within the hybrid AC micro-grid system. To achieve the aim and 

objectives of the study, MATLAB/Simulink software was used in Chapter Six to implement and 

develop the hybrid AC micro-grid model, as well as to develop the control system scheme and 

the EMS algorithm. The Stateflow logical programming environment in MATLAB/Simulink 

software was also utilized in the development of the control system schemes. The developed 
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EMS control was tested, validated and optimized utilizing real-time digital simulator of Typhoon 

HIL in Chapter Seven. 

Compare to the work presented in Chapter Four, the EMS algorithm developed in this study 

allowed the battery to charge when the production power from RESs is greater or equal to 

20% of the generated power. The total power produced by RESs was 1 MW, and 20% is 

equivalent to 200 kW. Thus, the battery could only be recharged when ≥ 200 kW of power are 

produced. At the beginning of the charging process, a high power input was used to quickly 

charge the battery up to approximately 70% SOC. This phase used a higher current to rapidly 

increase the charge level. The value of this higher power can vary depending on the battery 

specifications and system requirements, but typical values for the charging power in the initial 

phase can range from 0.5C to 1C (where C is the battery’s capacity in ampere-hours). For this 

research, a 900 Ah battery was charged at 0.5C which received 450 A of current. Once the 

battery reaches around 70% SOC, the charging rate was reduced to prevent overheating and 

overcharging, which can damage the battery cells and reduce their lifespan. In comparison to 

a situation when the input is smaller, the results show that charging the battery under these 

conditions with a higher power input has several benefits in terms of efficiency, charging time, 

and batteries overall performance.  

The main advantage of this implemented algorithm is that the transfer of energy between the 

micro-grid system and the variable AC load, both directly connected and connected to the utility 

grid, is regulated. It also maintains a proper relationship between the battery charging and 

discharging rates according to their operating conditions and allows the battery to maintain its 

state of charge within acceptable bounds, which range from 20% to 100% and increases the 

lifespan of batteries. Additionally, the real-time experimental results obtained using the 

Typhoon HIL software demonstrated a good performance in comparison with those achieved 

utilizing the Stateflow logical language in the MATLAB/Simulink environment. The developed 

EMS control was tested according to different scenarios and showed to be extremely effective. 

Both results were similar and were based on the RESs production, utility grid, diesel generator, 

variable AC load demand and battery SOC. In discharge mode, the battery responded 

instantly, and during high production, it was perfectly recharged. Both the utility grid and the 

hybrid micro-grid system were able to successfully operate since the power was shared 

between them according to the defined conditions. 

These implemented control rules of the hybrid renewable micro-grid contribute to achieving 

power balance, with the battery SOC consistently meeting the specified values to extend 

battery life. It is seen that a battery charged at higher power can be more versatile in terms of 
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charging options. By being compatible with different charging environments, the results show 

that greater flexibility and adaptation to a variety of charging scenarios are provided by 

batteries with higher charging power. In this research, due to the intermittent behavior of the 

renewable resources a higher charging power was adopted to refill the energy of the battery 

within a shorter charging time-window. By using a higher power, most of the available charging 

duration can be made. Moreover, the energy density utilization can be improved by charging 

the battery with greater power. It is also seen that there is a possibility to maximize the rate at 

which the energy is transferred into the battery by charging at higher power, and it ensures an 

efficient utilization of its energy storage capacity. It was realized that when the battery was 

charged at lower power levels, the charging process was very slow and in real life, this can 

produce heat, and heat may be harmful to the lifespan of batteries. Increasing the power input 

during charging can shorten the charging period, minimize the total heat production, and 

possibly increase the longevity of batteries. 
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CHAPTER 9: RECOMMENDATIONS FOR FUTURE WORK 
 

Further investigation is warranted in this domain to improve the system’s overall reliability. The 

following are recommended: 

• As generally the power produced by RESs exceeds the requirements of the load, in 

this research, the production excess was stored in the battery and subsequently 

supplied to the grid. It is recommended to implement an EMS control that optimizes 

the utilization of this power excess by supplying it toward a specific load like water 

heating with storage tanks, ambient heating or air-conditioning, and water pumping. 

• More exploration into cost-effective energy management techniques for a smart 

micro-grid network needs to be undertaken. 

• In this research project, an EMS algorithm control utilizing Stateflow logical method 

was developed to guarantee an effective operation of the hybrid renewable micro-

grid and battery storage systems. Consequently, alternative methods like Fuzzy logic 

can also be employed to assess the efficacy of this approach. 

• In this study, a battery was used as a backup. It is important to note that different 

storage systems provide distinct advantages, thus it is recommended to explore other 

energy storage options, such as supercapacitors, flywheels or pump hydro storage 

and this will help to identify the most suitable technical and financial options across 

various timeframes. 

 

 

 

 

 

 

 

 

 

 



  166 

REFERENCES   
 
A. Farret, F., & A. Vieira, E. (2020). Recovery of Photovoltaic Module Heat Using 

Thermoelectric Effect. Renewable Energy - Resources, Challenges and Applications, 0–17. 

https://doi.org/10.5772/intechopen.87989 

Abbasi, M., Abbasi, E., Li, L., Aguilera, R. P., Lu, D., & Wang, F. (2023). Review on the 

Microgrid Concept, Structures, Components, Communication Systems, and Control 

Methods. Energies, 16(1). https://doi.org/10.3390/en16010484 

Abhishek, A., Ranjan, A., Devassy, S., Verma, K. B., Ram, S. K., and Dhakar, A. K., “Review 

of hierarchical control strategies for DC microgrid,” IET Renew. Power Gener., vol. 14, no. 

10, pp. 1631–1640, 2020. 

Adajah, Y. Y., Thomas, S., Haruna, M. S., & Anaza, S. O. (2021). Distributed Generation 

(DG): A Review. 2021 1st International Conference on Multidisciplinary Engineering and 

Applied Science, ICMEAS 2021. https://doi.org/10.1109/ICMEAS52683.2021.9692353 

Agrawal, M., & Mittal, A. (2011). Micro grid technological activities across the globe: A review. 

Int. J. Res. Rev. Applied Sci, 7(May), 147–152. Retrieved from 

http://www.arpapress.com/Volumes/Vol7Issue2/IJRRAS_7_2_07.pdf 

Ahmad, S., Mekhilef, S., & Mokhlis, H. (2020). DQ-axis Synchronous Reference Frame 

based P-Q Control of Grid Connected AC Microgrid. 2020 IEEE International Conference on 

Computing, Power and Communication Technologies, GUCON 2020, 842–847. 

https://doi.org/10.1109/GUCON48875.2020.9231080 

Ahmed, K., Seyedmahmoudian, M., Mekhilef, S., Mubarak, N. M., & Stojcevski, A. (2021). A 

Review on Primary and Secondary Controls of Inverter-interfaced Microgrid. Journal of 

Modern Power Systems and Clean Energy, 9(5), 969–985. 

https://doi.org/10.35833/MPCE.2020.000068 

Ahmed, M., Meegahapola, L., Vahidnia, A., & Datta, M. (2020). Stability and Control Aspects 

of Microgrid Architectures-A Comprehensive Review. IEEE Access, 8, 144730–144766. 

https://doi.org/10.1109/ACCESS.2020.3014977 

Akoubi, N., Salem, J. Ben, & El Amraoui, L. (2022). Contribution on the Combination of 

Artificial Neural Network and Incremental Conductance Method to MPPT Control Approach. 

Proceedings of the 2022 5th International Conference on Advanced Systems and Emergent 

Technologies, IC_ASET 2022, 109–114. 

https://doi.org/10.1109/IC_ASET53395.2022.9765914 

https://doi.org/10.3390/en16010484


  167 

Al-Ismail, F. S. (2021). DC Microgrid Planning, Operation, and Control: A Comprehensive 

Review. IEEE Access, 9, 36154–36172. https://doi.org/10.1109/ACCESS.2021.3062840 

AL-Wesabi, I., Zhijian, F., Hussein Farh, H. M., A. Al-Shamma’a, A., Dong, H., M. Al-Shaalan, 

A., & Kandil, T. (2022). Maximum power extraction and DC-Bus voltage regulation in grid-

connected PV/BES system using modified incremental inductance with a novel inverter 

control. Scientific Reports, 12(1), 1–21. https://doi.org/10.1038/s41598-022-22952-0 

Al Tahtawi, A. R., Yahya, S., & Ferdian, A. (2021). Fuzzy Integral Control Design for Boost 

Converter Based on State-Space Average Model Approach. 2021 8th International 

Conference on Information Technology, Computer and Electrical Engineering, ICITACEE 

2021, 24–29. https://doi.org/10.1109/ICITACEE53184.2021.9617507 

Ali-Almaktoof, A. M., Kahn, M., T., E., Raji., A., K., Multilevel inverters using finite set-model 

predictive current control for renewable energy systems applications. (2015). Cape 

Peninsula University of Technology, (March) 

Ali, M., Yaqoob, M., Cao, L., & Loo, K. H. (2021). Enhancement of DC-bus voltage regulation 

in cascaded converter system by a new sensorless load current feedforward control scheme. 

IET Power Electronics, 14(8), 1457–1467. https://doi.org/10.1049/pel2.12123 

Ali, S., et al., “Demand Response Program for Efficient Demand-Side Management in Smart 

Grid Considering Renewable Energy Sources,” IEEE Access, vol. 10, pp. 53832–53853, 

2022. 

Altaf, M. W., & Member, G. S. (2022). Microgrid Protection Challenges and Mitigation 

Approaches — A Comprehensive Review. IEEE Access, 10, 38895–38922. 

https://doi.org/10.1109/ACCESS.2022.3165011 

Altahir, A. A. R. (2020). Park and Clark Transformations: A Short Review. No. April, (April), 

2–5. https://doi.org/10.13140/RG.2.2.20287.46241 

Andre, J., Estefan, D., and Llanos, J. R., “Energy Management System (EMS) Based on 

Model Predictive Control (MPC) for an Isolated DC Microgrid,” Energies, pp. 1–22, 2023. 

Anttila, S., Döhler, J. S., Oliveira, J. G., & Boström, C. (2022). Grid Forming Inverters: A 

Review of the State of the Art of Key Elements for Microgrid Operation. Energies, 15(15), 1–

30. https://doi.org/10.3390/en15155517 

Asgher, U., Rasheed, M. B., and Awais, M., “Demand Response Benefits for Load 

Management Through Heuristic Algorithm in Smart Grid,” 2018 International Symposium on 

Recent Advances in Electrical Engineering (RAEE), pp. 1–6, 2018. 

https://doi.org/10.1049/pel2.12123
https://doi.org/10.13140/RG.2.2.20287.46241
https://doi.org/10.3390/en15155517


  168 

Ashagire, A. A., Adjallah, K. H., & Bekele, G. (2021). A New Design Approach of Hybrid 

AC/DC Microgrid System Based on Resilience Index and Lifecycle Cost Evaluation. 

International Conference on Electrical, Computer, and Energy Technologies, ICECET 2021, 

(December), 9–10. https://doi.org/10.1109/ICECET52533.2021.9698602 

Ashok Kumar, A., & Amutha Prabha, N. (2022). A comprehensive review of DC microgrid in 

market segments and control technique. Heliyon, 8(11), e11694. 

https://doi.org/10.1016/j.heliyon.2022.e11694 

Avdeev, B. A., Vyngra, A. V., & Sobolev, V. S. (2022). Integration of Renewable Energy 

Sources into Smart Grids Using Converters Based on Solid-State Transformers. 2022 5th 

International Youth Scientific and Technical Conference Relay Protection and Automation, 

RPA 2022, 1–10. https://doi.org/10.1109/RPA57581.2022.9951082 

Avendano, A. (2022). Microgrid Controller Evaluation Using Real-Time Digital Simulation. 

2022 IEEE Power and Energy Society Innovative Smart Grid Technologies Conference, 

ISGT 2022, 5–9. https://doi.org/10.1109/ISGT50606.2022.9817558 

Aviles, A. D., Pascual,  J., Marroyo, L., Sanchis, P., and Guinjoan, F., “Fuzzy logic-based 

energy management system design for residential grid-connected microgrids,” IEEE Trans. 

Smart Grid, vol. 9, no. 2, pp. 530–543, 2018. 

Ayenew Haile, E., Biru Worku, G., Mulatu Beyene, A., & Berhanu Tuka, M. (2021). Upwind 

Horizontal Axis Wind Turbine Output Power Optimization via Artificial Intelligent Control 

System. Automation, Control and Intelligent Systems, 9(1), 6. 

https://doi.org/10.11648/j.acis.20210901.13 

Babayomi, O., Li, Z., Zhang, Z., Sun, Y., Dragicevic, T., & Rodriguez, J. (2020). The Role of 

Model Predictive Control in Microgrid Power Quality-A Survey. 2020 IEEE 11th International 

Symposium on Power Electronics for Distributed Generation Systems, PEDG 2020, 340–

345. https://doi.org/10.1109/PEDG48541.2020.9244364 

Bahrani, B. (2021). Power-synchronized grid-following inverter without a phase-locked loop. 

IEEE Access, 9, 112163–112176. https://doi.org/10.1109/ACCESS.2021.3102631 

Balamurugan, S., “Real Power Flow Control in a Transmission Line by Varying the Turns 

Ratio of the Injection Transformer,” 2019 Innovations in Power and Advanced Computing 

Technologies (i-PACT), pp. 1–5, 2019. 

Barasa Kabeyi, M. J., & Olanrewaju, O. A. (2022). Geothermal wellhead technology power 

plants in grid electricity generation: A review. Energy Strategy Reviews, 39, 100735. 

https://doi.org/10.1016/j.esr.2021.100735 

https://doi.org/10.1109/ISGT50606.2022.9817558
https://doi.org/10.1109/ACCESS.2021.3102631
https://doi.org/10.1016/j.esr.2021.100735


  169 

Bateman, M., “Measurement of elastic parameters of anisotropic medium Experimental 

sample Experimental sample Observation system Observation system Measurement of 

transmitted wave field in Ti medium Fixed (smaller) offset experimental results” Rev. Afr. 

Polit. Econ., vol. 0, no. 0, pp. 1–6, 2018. 

Baziar, A., & Kavousi-Fard, A. (2013). Considering uncertainty in the optimal energy 

management of renewable micro-grids including storage devices. Renewable Energy, 59, 

158–166. https://doi.org/10.1016/j.renene.2013.03.026 

Beerten, J., and Belmans, R., “Analysis of power sharing and voltage deviations in droop-

controlled DC grids,” IEEE Trans. Power Syst., vol. 28, no. 4, pp. 4588–4597, 2013. 

Ben Mansour, H., Chaarabi, L., Jelassi, K., & Guerrero, J. M. (2022). Supervisory control for 

Energy Management of Islanded Hybrid AC/DCMicrogrid. International Journal of Computer 

Science and Network Security, 22(3), 355–363. 

https://doi.org/10.22937/IJCSNS.2022.22.3.1 

Bera, S., Chakraborty, S., Kar, S., & Samantaray, S. R. (2022). Hierarchical Control for 

Voltage Unbalance Mitigation Considering Load Management in Stand-Alone Microgrid. 

IEEE Transactions on Smart Grid. https://doi.org/10.1109/TSG.2022.3222490 

Bernet, D., & Hiller, M. (2019). Grid-connected medium-voltage converters with parallel 

voltage-source active filters. IET Electric Power Applications, 13(10), 1507–1513. 

https://doi.org/10.1049/iet-epa.2019.0021 

Beykverdi, M., Jalilvand, A., and Ehsan, M., “Intelligent Power Management of Islanded DC 

Microgrid based on Droop Fuzzy Control,” International journal of Engineering, Business and 

Management (IJEBM), Am. J. Sci., vol. 1, no. 1, pp. 1–11, 2017. 

Bhavaraju, V., Yang, Y., & Buck, E. F. (2022). Distributed Energy Resource Control and 

Utility Interconnection Management. 

Bidram, A., and Davoudi, A., “Hierarchical structure of microgrids control system,” IEEE 

Trans. Smart Grid, vol. 3, no. 4, pp. 1963–1976, 2012. 

Bilbao, J., Bravo, E., García, O., Rebollar, C., and Varela, C., “Optimising Energy 

Management in Hybrid Microgrids,” Mathematics, vol. 10, no. 2, 2022. 

Bompard, E., Mazza, A., and Toma, L., “Classical grid control: Frequency and voltage 

stability,” Convert. Dyn. Control Mod. Power Syst., pp. 31–65, 2021. 

Bradbury, K. (2010). Energy Storage Technology Review. A Brief Introduction to Batteries, 

(September), 1–33. 

https://doi.org/10.1016/j.renene.2013.03.026
https://doi.org/10.1049/iet-epa.2019.0021


  170 

Carpintero-Rentería, M., Santos-Martín, D., & Guerrero, J. M. (2019). Microgrids literature 

review through a layers structure. Energies, 12(22), 1–22. 

https://doi.org/10.3390/en12224381 

Casado-Machado, F., Martinez-Ramos, J. L., Barragan-Villarejo, M., Maza-Ortega, J. M., & 

Rosendo-Macias, J. A. (2020). Reduced Reference Frame Transform: Deconstructing 

Three-Phase Four-Wire Systems. IEEE Access, 8, 143021–143032. 

https://doi.org/10.1109/ACCESS.2020.3012510 

Chaouachi, A., Kamel, R. M., Andoulsi, R., & Nagasaka, K. (2013). Multiobjective intelligent 

energy management for a microgrid. IEEE Transactions on Industrial Electronics, 60(4), 

1688–1699. https://doi.org/10.1109/TIE.2012.2188873 

Chaturvedi, S., Fan, Y., & Wang, M. (2023). Output Filters , Current Control , and Weak Grids 

Operation. 

Chen, M. R., Wang, H., Zeng, G. Q., Dai, Y. X., & Bi, D. Q. (2018). Optimal P-Q control of 

grid-connected inverters in a microgrid based on adaptive population extremal optimization. 

Energies, 11(8). https://doi.org/10.3390/en11082107 

Chowdhury, S., Chowdhury, S. P., & Crossley, P. (2009). Microgrids and active distribution 

networks. In Microgrids and Active Distribution Networks. https://doi.org/10.1049/pbrn006e 

Come Zebra, E. I., van der Windt, H. J., Nhumaio, G., & Faaij, A. P. C. (2021). A review of 

hybrid renewable energy systems in mini-grids for off-grid electrification in developing 

countries. Renewable and Sustainable Energy Reviews, 144(March). 

https://doi.org/10.1016/j.rser.2021.111036 

Dadi, R., Meenakshy, K., & Damodaran, S. K. (2023). A Review on Secondary Control 

Methods in DC Microgrid. Journal of Operation and Automation in Power Engineering, 11(2), 

105–112. https://doi.org/10.22098/JOAPE.2022.9157.1636 

Dagdougui, H., Minciardi, R., Ouammi, A., Robba, M., & Sacile, R. (2010). Modelling and 

control of a hybrid renewable energy system to supply demand of a green-building. Modelling 

for Environment’s Sake: Proceedings of the 5th Biennial Conference of the International 

Environmental Modelling and Software Society, IEMSs 2010, 2, 972–979. 

Deokate, M. B., “Distributed Optimal Power Flow Control Topology,” 2022 International 

Conference on Electronics and Renewable Systems (ICEARS), pp. 198–204, 2022. 

Ding, W., & Bauer, T. (2021). Progress in Research and Development of Molten Chloride 

Salt Technology for Next Generation Concentrated Solar Power Plants. Engineering, 7(3), 

334–347. https://doi.org/10.1016/j.eng.2020.06.027 



  171 

Distributed, U., & Storage, E. (2022). Using Distributed Energy Storage Systems. 

Doan, N. S., Tsvetkov, A. N., & Nguyen, T. H. (2021). Study and implementation of space 

vector pulse width modulation inverter on an arduino. E3S Web of Conferences, 288, 4–9. 

https://doi.org/10.1051/e3sconf/202128801059 

Dolara, A., Grimaccia, F., Magistrati, G., and Marchegiani, G., “Optimal management 

algorithm for battery energy storage system included in an islanded Microgrid,” EEEIC 2016 

- Int. Conf. Environ. Electr. Eng., 2016. 

Dominka, S., Smith, H., & Hartmann, B. (2021). Artificial Neural Networks for (Automotive) 

Embedded Control - A Comparative Study. 2021 IEEE 11th Annual Computing and 

Communication Workshop and Conference, CCWC 2021, 1489–1494. 

https://doi.org/10.1109/CCWC51732.2021.9376085. 

Dragicevic, T., Guerrero, J. M., Vasquez, J. C., and Skrlec, D., “Supervisory control of an 

adaptive-droop regulated DC microgrid with battery management capability,” IEEE Trans. 

Power Electron., vol. 29, no. 2, pp. 695–706, 2014. 

El Haj Assad, M., Almallahi, M. N., Alshabi, M., & Delnava, H. (2022). Heating and Cooling 

By Geothermal Energy. 2022 Advances in Science and Engineering Technology 

International Conferences, ASET 2022. https://doi.org/10.1109/ASET53988.2022.9734943 

Faisal, M., Hannan, M. A., Ker, P. J., Hussain, A., Mansor, M. Bin, & Blaabjerg, F. (2018). 

Review of energy storage system technologies in microgrid applications: Issues and 

challenges. IEEE Access, 6, 35143–35164. https://doi.org/10.1109/ACCESS.2018.2841407 

Fazeli, A., Sumner, M., Christopher, E., and Johnson, M., “Power Flow Control for Power 

and Voltage Management in Future Smart Energy Communities,” 3rd Renewable Power 

Generation Conference (RPG 2014), pp. 1–6, 2014. 

Feng, W., Jin, M., Liu, X., Bao, Y., Marnay, C., Yao, C., & Yu, J. (2018). A review of microgrid 

development in the United States – A decade of progress on policies, demonstrations, 

controls, and software tools. Applied Energy, 228(July), 1656–1668. 

https://doi.org/10.1016/j.apenergy.2018.06.096 

Feng, J., Li, Q., and Lee, F. C., “Load Detection and Power Flow Control Algorithm For an 

Omnidirectional Wireless Power Transfer System,” IEEE Transactions on Industrial 

Electronics, vol. 69, no. 2, pp. 1422–1431, 2022. 

Fuxing, Z., Yonghua, G., Honglei, M., Juan, L., Pan, C., & Zhaoyu, Z. (2021). Analysis of AC 

/ DC Hybrid Microgrid System Architecture and Typical Operation Conditions. 2021 4th 

International Conference on Energy, Electrical and Power Engineering, CEEPE 2021, 807–

https://doi.org/10.1051/e3sconf/202128801059
https://doi.org/10.1109/CCWC51732.2021.9376085
https://doi.org/10.1109/ACCESS.2018.2841407
https://doi.org/10.1016/j.apenergy.2018.06.096


  172 

812. https://doi.org/10.1109/CEEPE51765.2021.9475635 

Gaballah, M., & El-Bardini, M. (2013). Low cost digital signal generation for driving space 

vector PWM inverter. Ain Shams Engineering Journal, 4(4), 763–774. 

https://doi.org/10.1016/j.asej.2013.02.004 

Gao, X., Zhou, D., Anvari-Moghaddam, A., & Blaabjerg, F. (2021). Grid-Following and Grid-

Forming Control in Power Electronic Based Power Systems: A Comparative Study. IECON 

Proceedings (Industrial Electronics Conference), 2021-Octob, 1–6. 

https://doi.org/10.1109/IECON48115.2021.9589432 

García, P., Torreglosa, J. P., Fernández, L. M., & Jurado, F. (2013). Optimal energy 

management system for stand-alone wind turbine/photovoltaic/ hydrogen/battery hybrid 

system with supervisory control based on fuzzy logic. International Journal of Hydrogen 

Energy, 38(33), 14146–14158. https://doi.org/10.1016/j.ijhydene.2013.08.106 

Ghorashi Khalil Abadi, S. A., Habibi, S. I., Khalili, T., & Bidram, A. (2022). A Model Predictive 

Control Strategy for Performance Improvement of Hybrid Energy Storage Systems in DC 

Microgrids. IEEE Access, 10, 25400–25421. 

https://doi.org/10.1109/ACCESS.2022.3155668 

Guerrero J. M., Chandorkar, M., Lee, T. L., and Loh, P. C., “Advanced control architectures 

for intelligent microgridspart i: Decentralized and hierarchical control,” IEEE Trans. Ind. 

Electron., vol. 60, no. 4, pp. 1254–1262, 2013. 

Gulipalli, S. C., Gude, S., & Chu, C. C. (2021). A Novel In-Loop Filtered Dual Synchronous 

Reference Frame Phase Locked Loop under Practical Grid Conditions. Proceedings of 2021 

IEEE 2nd International Conference on Smart Technologies for Power, Energy and Control, 

STPEC 2021. https://doi.org/10.1109/STPEC52385.2021.9718661 

Hadi, A. A. L., Silva, C. A. S., Hossain, E., and Challoo, R., “Algorithm for Demand Response 

to Maximize the Penetration of Renewable Energy,” IEEE Access, vol. 8, pp. 55279–55288, 

2020. 

Haider, S., Member, G. S., and Moghadam, S. H., “Algorithm and Optimization Model for 

Energy Storage Using Vertically Stacked Blocks,” vol. 8, IEEE, pp. 217688-217700, 2020. 

Halifa, M. O. K., and Rikiez, M. O. A., “a Lgorithms for E Nergy M Anagement in M Icro - 

Grids,” no. December, pp. 70–80, 2016. 

Han, Y., Li, H., Shen, P., Coelho, E. A. A., & Guerrero, J. M. (2017). Review of Active and 

Reactive Power Sharing Strategies in Hierarchical Controlled Microgrids. IEEE Transactions 

on Power Electronics, 32(3), 2427–2451. https://doi.org/10.1109/TPEL.2016.2569597 

https://doi.org/10.1109/ACCESS.2022.3155668
https://doi.org/10.1109/STPEC52385.2021.9718661


  173 

Han, Y., Zhang, K., Li, H., Coelho, E. A. A., & Guerrero, J. M. (2018). MAS-Based Distributed 

Coordinated Control and Optimization in Microgrid and Microgrid Clusters: A Comprehensive 

Overview. IEEE Transactions on Power Electronics, 33(8), 6488–6508. 

https://doi.org/10.1109/TPEL.2017.2761438 

Hasan, M. A., & Parida, S. K. (2019). Modeling and Design of a Synchronous Reference 

Frame Enhanced Phase Locked Loop. Proceedings of 2019 IEEE PES Innovative Smart 

Grid Technologies Europe, ISGT-Europe 2019, (2), 1–4. 

https://doi.org/10.1109/ISGTEurope.2019.8905493 

Himabindu, E., and Naik, G. M., “Energy Management System for grid integrated microgrid 

using Fuzzy Logic Controller.”2020 IEEE 7th Uttar Pradesh Section International Conference 

on Electrical, Electronics and Computer Engineering, 2020. 

Hirsch, A., Parag, Y., & Guerrero, J. (2018). Microgrids: A review of technologies, key drivers, 

and outstanding issues. Renewable and Sustainable Energy Reviews, 90(September 2017), 

402–411. https://doi.org/10.1016/j.rser.2018.03.040 

Hong, P., & Qin, Z. (2022). Distributed Active Power Optimal Dispatching of Wind Farm 

Cluster Considering Wind Power Uncertainty. Energies, 15(7). 

https://doi.org/10.3390/en15072706 

Hossen, T., & Mirafzal, B. (2022). On Stability of PQ-Controlled Grid-Following and Droop-

Control Grid-Forming Inverters. 2022 IEEE Energy Conversion Congress and Exposition, 

ECCE 2022, 1–7. https://doi.org/10.1109/ECCE50734.2022.9947923 

Hu, J., Shan, Y., Guerrero, J. M., Ioinovici, A., Chan, K. W., and Rodriguez, J., “Model 

predictive control of microgrids – An overview,” Renew. Sustain. Energy Rev., vol. 136, no. 

October, 2021. 

Ishaq, S., Khan, I., Rahman, S., Hussain, T., Iqbal, A., & Elavarasan, R. M. (2022). A review 

on recent developments in control and optimization of micro grids. Energy Reports, 8, 4085–

4103. https://doi.org/10.1016/j.egyr.2022.01.080 

Islam, M. A., Hasanuzzaman, M., Rahim, N. A., Nahar, A., & Hosenuzzaman, M. (2014). 

Global renewable energy-based electricity generation and smart grid system for energy 

security. Scientific World Journal, 2014(November). https://doi.org/10.1155/2014/197136 

Jamal, I., Elmorshedy, M. F., Dabour, S. M., Rashad, E. M., Xu, W., & Almakhles, D. J. 

(2022). A Comprehensive Review of Grid-Connected PV Systems Based on Impedance 

Source Inverter. IEEE Access, 10, 89101–89123. 

https://doi.org/10.1109/ACCESS.2022.3200681 

https://doi.org/10.1109/ISGTEurope.2019.8905493
https://doi.org/10.1109/ECCE50734.2022.9947923


  174 

Jayalakshmi, N. S., Gaonkar, D. N., & Jain, S. K. (2019). Power smoothing method of PMSG 

based grid integrated wind energy conversion system using BESS/DSTATCOM. 

International Journal of Power Electronics and Drive Systems, 10(4), 1969–1976. 

https://doi.org/10.11591/ijpeds.v10.i4.pp1969-1976 

Jeong, M., Gfrorer, T., & Biela, J. (2022). Extending Stable Parameter Range of LCL- filters 

for Grid-Connected Converters by Inherent Damping of Model Predictive Control (MPC). 

Proceedings of the IEEE Workshop on Computers in Power Electronics, COMPEL, 2022-

June. https://doi.org/10.1109/COMPEL53829.2022.9829978 

Jones, G. W., & Chowdhury, B. H. (2008). Distribution system operation and planning in the 

presence of distributed generation technology. Transmission and Distribution Exposition 

Conference: 2008 IEEE PES Powering Toward the Future, PIMS 2008, (June). 

https://doi.org/10.1109/TDC.2008.4517274 

Julian David Gutierrez, T., Paola Catalina Sanchez, C., & Diana Marcela Ovalle, M. (2019). 

Design and simulation of controllers for a horizontal axis wind turbine. 4th IEEE Colombian 

Conference on Automatic Control: Automatic Control as Key Support of Industrial 

Productivity, CCAC 2019 - Proceedings, (7). https://doi.org/10.1109/CCAC.2019.8921083 

Kang, K. M., et al., “Energy management method of hybrid ac/dc microgrid using artificial 

neural network,” Electron., vol. 10, no. 16, 2021. 

Kathiresan, A. C., PandiaRajan, J., Sivaprakash, A., Babu, T. S., & Islam, M. R. (2020). An 

adaptive feed-forward phase locked loop for grid synchronization of renewable energy 

systems under wide frequency deviations. Sustainability (Switzerland), 12(17). 

https://doi.org/10.3390/su12177048 

Kawasaki Heavy Industries. (2016). Battery Energy Storage System -GIGACELL-. 

Kawasaki.Com, (Cict), Characteristics, FAQs. Retrieved from 

http://global.kawasaki.com/en/energy/solutions/battery_energy/ 

Khan, A., Easley, M., Hosseinzadehtaher, M., Shadmand, M. B., Abu-Rub, H., & Fajri, P. 

(2020). PLL-less Active and Reactive Power Controller for Grid-Following Inverter. ECCE 

2020 - IEEE Energy Conversion Congress and Exposition, 4322–4328. 

https://doi.org/10.1109/ECCE44975.2020.9236408 

Korompili, A., & Monti, A. (2023). Review of Modern Control Technologies for Voltage 

Regulation in DC/DC Converters of DC Microgrids. Energies, 16(12), 4563. 

https://doi.org/10.3390/en16124563 

Kouchaki, A., & Nymand, M. (2018). Analytical Design of Passive LCL Filter for Three-Phase 

https://doi.org/10.1109/CCAC.2019.8921083


  175 

Two-Level Power Factor Correction Rectifiers. IEEE Transactions on Power Electronics, 

33(4), 3012–3022. https://doi.org/10.1109/TPEL.2017.2705288 

Kumar, D., Zare, F., & Ghosh, A. (2017). DC Microgrid Technology: System Architectures, 

AC Grid Interfaces, Grounding Schemes, Power Quality, Communication Networks, 

Applications, and Standardizations Aspects. IEEE Access, 5, 12230–12256. 

https://doi.org/10.1109/ACCESS.2017.2705914 

Kumar Peddapelli, S. (2016). 2. Space vector pulse width modulation technique. Pulse Width 

Modulation, (May), 13–22. https://doi.org/10.1515/9783110470420-002 

Kumar, S., Kumar, R., & Singh, N. (2017). Performance of closed loop SEPIC converter with 

DC-DC converter for solar energy system. 2017 4th International Conference on Power, 

Control and Embedded Systems, ICPCES 2017, 2017-Janua(November), 1–6. 

https://doi.org/10.1109/ICPCES.2017.8117668 

Lewicki, A., Odeh, C. I., Kondratenko, D., & Morawiec, M. (2022). Hybridized Space-Vector 

Pulsewidth Modulation for Multiphase Two-Level Voltage Source Inverter. IEEE 

Transactions on Power Electronics, 37(7), 7663–7674. 

https://doi.org/10.1109/TPEL.2022.3145161 

Li, Z., Cheng, Z., Si, J., & Li, S. (2022). Distributed Event-Triggered Hierarchical Control to 

Improve Economic Operation of Hybrid AC/DC Microgrids. IEEE Transactions on Power 

Systems, 37(5), 3653–3668. https://doi.org/10.1109/TPWRS.2021.3133487 

Liu, H. D., Lin, C. H., Lu, S. Der, & Ahmad, J. (2022). A Novel VFVDC Optimized Full Bridge 

Inverter Control Strategy for Independent Solar Power Systems. IEEE Access, 10, 44231–

44247. https://doi.org/10.1109/ACCESS.2022.3169516 

Lotfi, H., & Khodaei, A. (2017). AC versus DC microgrid planning. IEEE Transactions on 

Smart Grid, 8(1), 296–304. https://doi.org/10.1109/TSG.2015.2457910 

Mahmoud, G. M., ElRefaie, H. B., Elsayed, M. E., & Abo-Elkhair, E. (2022). Novel 

Photovoltaic Modules and Wind Turbine Performance Modeling Techniques Based on 

Artificial Intelligence and Deep-Learning. 1–7. https://doi.org/10.1109/itc-

egypt55520.2022.9855721 

Mahmoudian, A., Garmabdari, R., Bai, F., Stegen, S., & Lu, J. (2022). Secondary Controller 

for Voltage and Frequency Regulation in an Islanded Microgrid System Based on Anti-

Windup Loop. Asia-Pacific Power and Energy Engineering Conference, APPEEC, 2022-

Novem, 1–5. https://doi.org/10.1109/APPEEC53445.2022.10072287 

Malik, S., Modi, B., & Mangrolia, D. (2022). Grid Integration of Distributed Generation: Issues 



  176 

and Challenges. 2022 International Conference for Advancement in Technology, ICONAT 

2022, 1–6. https://doi.org/10.1109/ICONAT53423.2022.9725826 

Manuel, N. L., & İnanç, N. (2022). Sliding Mode Control-Based MPPT and Output Voltage 

Regulation of a Stand-alone PV System. Power Electronics and Drives, 7(1), 159–173. 

https://doi.org/10.2478/pead-2022-0012 

Mehta, D., Ravindran, A., Joshi, B., and Kamalasadan, S., “Graph Theory Based Online 

Optimal Power Flow Control of Power Grid With Distributed Flexible AC Transmission 

Systems ( D-FACTS ) Devices.” 2015 North American Power Symposium (NAPS), 2015. 

Mingsheng, Z., Peilei, F., Hesong, W., Wenkui, W., & Pengcheng, C. (2018). Hierarchical 

Control Strategy for Microgrid. Proceedings of 2018 2nd IEEE Advanced Information 

Management, Communicates, Electronic and Automation Control Conference, IMCEC 2018, 

(Imcec), 1528–1532. https://doi.org/10.1109/IMCEC.2018.8469405 

Moghimi, M., Garmabdari, R., Stegen, S., Lu, J., “Battery Energy Storage Cost and Capacity 

Optimization for University Research,” Conference: 2018 IEEE/IAS 54th Industrial and 

Commercial Power Systems Technical Conference (I&CPS), pp. 1–8, 2018. 

Mohamed, I. S., Rovetta, S., Do, T. D., Dragicevic, T., & Diab, A. A. Z. (2019). A neural-

network-based model predictive control of three-phase inverter with an output LC Filter. IEEE 

Access, 7, 124737–124749. https://doi.org/10.1109/ACCESS.2019.2938220 

Mohamadi, B., and Noshahr, J. B., “Optimal Battery Energy Storage Sizing in Microgrids by 

using Artificial Flora Algorithm.” 2020 IEEE International Conference on Environment and 

Electrical Engineering and 2020 IEEE Industrial and Commercial Power Systems Europe 

(EEEIC / I&CPS Europe), 2020. 

Monteiro, V., Monteiro, L. F. C., Lo Franco, F., Mandrioli, R., Ricco, M., Grandi, G., & Afonso, 

J. L. (2021). The role of front-end ac/dc converters in hybrid ac/dc smart homes: Analysis 

and experimental validation. Electronics (Switzerland), 10(21). 

https://doi.org/10.3390/electronics10212601 

Moretti, L., Meraldi, L., Niccolai, A., Manzolini, G., & Leva, S. (2021). An innovative tunable 

rule-based strategy for the predictive management of hybrid microgrids. Electronics 

(Switzerland), 10(10), 1–16. https://doi.org/10.3390/electronics10101162 

Morstyn, T., Hredzak, B., & Agelidis, V. G. (2018). Control Strategies for Microgrids with 

Distributed Energy Storage Systems: An Overview. IEEE Transactions on Smart Grid, 9(4), 

3652–3666. https://doi.org/10.1109/TSG.2016.2637958 

Mumtaz, F., Zaihar Yahaya, N., Tanzim Meraj, S., Singh, B., Kannan, R., & Ibrahim, O. 

https://doi.org/10.2478/pead-2022-0012
https://doi.org/10.1109/IMCEC.2018.8469405
https://doi.org/10.1109/ACCESS.2019.2938220


  177 

(2021). Review on non-isolated DC-DC converters and their control techniques for 

renewable energy applications. Ain Shams Engineering Journal, 12(4), 3747–3763. 

https://doi.org/10.1016/j.asej.2021.03.022 

Naeinian, B., “Seamless Operation of a Microgrid Using BESS During Transition Between 

Grid-connected and Stand-alone Modes.” http://repository.tudelft.nl/, 2016 

Nair, U. R., and Castello, R. C., “A Model Predictive Control-Based Energy Management 

Scheme for Hybrid Storage System in Islanded Microgrids,” IEEE Access, vol. 8, pp. 97809–

97822, 2020. 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Basic Circuit Model of Voltage Source Converters: 

Methodology and Modeling. AppliedMath 2024, 4, 889-907. 

https://doi.org/10.3390/appliedmath4030048 

Ndeke, C. B., Adonis, M., & Almaktoof, A. M., (2024). Energy management strategy for a 

hybrid micro ‑ grid system using renewable energy. Discover Energy. 

https://doi.org/10.1007/s43937-024-00025-9. 

Ndeke, C.B.; Adonis, M.; Almaktoof, A. Energy Management Strategy for DC Micro-Grid 

System with the Important Penetration of Renewable Energy. Appl. Sci. 2024, 14, 2659. 

https://doi.org/10.3390/app14062659 

Nesihath, M. K., Muraleedharan, V, Nafeesa, K., and Sreedharan, S., “Optimal Energy 

Management System for Hybrid Residential Microgrids.” Cost-Effective and Intelligent 

Controller Based Design for Wind and Photovoltaic Power Generation Systems), 2023. 

Noor, A., et al., “Artificial Intelligence Application in Demand Response : Advantages , Issues 

, Status , and Challenges,” IEEE Access, vol. 11, no. January, pp. 16907–16922, 2023. 

O’Rourke, C. J., Qasim, M. M., Overlin, M. R., & Kirtley, J. L. (2019). A Geometric 

Interpretation of Reference Frames and Transformations: Dq0, Clarke, and Park. IEEE 

Transactions on Energy Conversion, 34(4), 2070–2083. 

https://doi.org/10.1109/TEC.2019.2941175 

Olatomiwa, L., Mekhilef, S., Ismail, M. S., & Moghavvemi, M. (2016). Energy management 

strategies in hybrid renewable energy systems: A review. Renewable and Sustainable 

Energy Reviews, 62, 821–835. https://doi.org/10.1016/j.rser.2016.05.040 

Olivares, D., E.,  et al., “Trends in microgrid control,” IEEE Trans. Smart Grid, vol. 5, no. 4, 

pp. 1905–1919, 2014. 

Oymak, A., Altun, M., Cakmak, F., Atic, S., Tur, M. R., & Bayindir, R. (2022). Distributed 

https://doi.org/10.1016/j.asej.2021.03.022
https://doi.org/10.3390/appliedmath4030048
https://doi.org/10.1007/s43937-024-00025-9
https://doi.org/10.3390/app14062659
https://doi.org/10.1016/j.rser.2016.05.040


  178 

generation system planning based on renewable energy source. 368–373. 

https://doi.org/10.1109/icsmartgrid55722.2022.9848727 

Parhizi, S., Lotfi, H., Khodaei, A., & Bahramirad, S. (2015). State of the art in research on 

microgrids: A review. IEEE Access, 3, 890–925. 

https://doi.org/10.1109/ACCESS.2015.2443119 

Pi, Z., Li, X., Ding, Y., Zhao, M., and Liu, Z., “Residential energy demand response 

management algorithm considering consumer usage patterns,” 2021 33rd Chinese Control 

and Decision Conference (CCDC), pp. 2768–2775, 2021. 

Pohl, O., Dalhues, S., Rewald, F., and Jörke, P., “Advancements in Distributed Power Flow 

Control,” 53rd International Universities Power Engineering Conference (UPEC), 2018. 

Pragya, & Thakur, R. (2022). A Review of Architecture and Control Strategies of Hybrid 

AC/DC Microgrid. 1–5. https://doi.org/10.1109/iciccsp53532.2022.9862386 

Prince, S. K., Kumar, D., Affijulla, S., & Panda, G. (2022). Electric Faults Detection Technique 

for DC Microgrids. PESGRE 2022 - IEEE International Conference on “Power Electronics, 

Smart Grid, and Renewable Energy,” 0–5. 

https://doi.org/10.1109/PESGRE52268.2022.9715884 

Priya, L., “A Distributed Demand Response Management Algorithm for Multi-Utility 

Environment in Smart Grid,” 2020 International Conference on Mathematics and Computers 

in Science and Engineering (MACISE), pp. 229–235, 2020. 

Qu, Z., Shi, Z., Wang, Y., Siada, A. A, Chong, Z., and Dong, H., “Energy Management 

Strategy of AC/DC Hybrid Microgrid Based on Solid-State Transformer,” IEEE Access, vol. 

10, pp. 20633–20642, 2022. 

Rahim, A. H. M. A. (2022). Fuzzy Logic Control of Supercapacitor Energy Storage System 

in a Microgrid. 2022 International Conference on Innovations in Science, Engineering and 

Technology, ICISET 2022, (February), 516–521. 

https://doi.org/10.1109/ICISET54810.2022.9775843 

Rahman, S. (2018). Power management and control of hybrid AC/DC microgrids integrated 

with renewable energy sources and electric vehicles. 

Rani, P., Murugesan, S., & Singh, A. K. (n.d.). Modeling and Implementation of Grid 

Following and Grid Forming Inverters. 

Raya-Armenta, J. M., Bazmohammadi, N., Avina-Cervantes, J. G., Sáez, D., Vasquez, J. C., 

& Guerrero, J. M. (2021). Energy management system optimization in islanded microgrids: 

https://doi.org/10.1109/ACCESS.2015.2443119
https://doi.org/10.1109/PESGRE52268.2022.9715884


  179 

An overview and future trends. Renewable and Sustainable Energy Reviews, Vol. 149. 

https://doi.org/10.1016/j.rser.2021.111327 

Reddy, C. R., Rani, B. G., Kondalu, M., Sekhar, O. C., Venu, G., and Kalyan, C. N. S., 

“Energy Management System for Hybrid Renewable Energy-Based Microgrid,” INDICON 

2022 - 2022 IEEE 19th India Counc. Int. Conf., 2022. 

Richter, A., Van Der Laan, E., Ketter, W., & Valogianni, K. (2012). Transitioning from the 

traditional to the smart grid: Lessons learned from closed-loop supply chains. 2012 

International Conference on Smart Grid Technology, Economics and Policies, SG-TEP 2012. 

https://doi.org/10.1109/SG-TEP.2012.6642382 

Rodriguez-Martinez, O. F., Andrade, F., Vega-Penagos, C. A., & Luna, A. C. (2023). A 

Review of Distributed Secondary Control Architectures in Islanded-Inverter-Based 

Microgrids. Energies, 16(2). https://doi.org/10.3390/en16020878 

Rokrok, E., Shafie-khah, M., & Catalão, J. P. S. (2018). Review of primary voltage and 

frequency control methods for inverter-based islanded microgrids with distributed generation. 

Renewable and Sustainable Energy Reviews, 82(September 2017), 3225–3235. 

https://doi.org/10.1016/j.rser.2017.10.022 

Sadeque, F., & Fateh, F. (2022). On Control Schemes for Grid-Forming Inverters. 2022 IEEE 

Kansas Power and Energy Conference, KPEC 2022, (July). 

https://doi.org/10.1109/KPEC54747.2022.9814774 

Sahoo, S. K., Sinha,  A. K., and Kishore, N. K., “Control Techniques in AC, DC, and Hybrid 

AC-DC Microgrid: A Review,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 6, no. 2, pp. 

738–759, 2018. 

Salem, Q., Munoz, O., and Xie, J., “An overall power flow algorithm to control the active 

power transfer at PCC in LV-distribution Network,” 2018 IEEE International Conference on 

Industrial Technology (ICIT)At: Lyon, France, pp. 2–7, 2018. 

Sraidi, S., Maaroufi, M., and Louzazni, M., “Energy Management in the Microgrid and Its 

Optimal Planning for Supplying Wireless Charging Electric Vehicle,” J. Electr. Comput. Eng., 

vol. 2022, 2022. 

Sateesh Kumar, M., Pavan Kumar, Y. V., John Pradeep, D., & Reddy, C. P. (2020). Analysis 

on the Effectiveness of Vertical Axis Wind Turbine for Domestic Consumers. 2020 

International Symposium on Advanced Electrical and Communication Technologies, 

ISAECT 2020, (c), 1–6. https://doi.org/10.1109/ISAECT50560.2020.9523698 

Sayeed, F., et al., “A novel and comprehensive mechanism for the energy management of a 

https://doi.org/10.1016/j.rser.2021.111327
https://doi.org/10.1109/KPEC54747.2022.9814774
https://doi.org/10.1109/ISAECT50560.2020.9523698


  180 

Hybrid Microgrid System,” Energy Reports, vol. 8, pp. 847–862, 2022. 

Semenov, D., Mirzaeva, G., Townsend, C. D., & Goodwin, G. C. (2018). Recent development 

in AC microgrid control-A survey. 2017 Australasian Universities Power Engineering 

Conference, AUPEC 2017, 2017-Novem(November), 1–6. 

https://doi.org/10.1109/AUPEC.2017.8282457 

Serban, I., Teodorescu, R., & Marinescu, C. (2012). Analysis and optimization of the battery 

energy storage systems for frequency control in autonomous microgrids, by means of 

hardware-in-the-loop simulations. Proceedings - 2012 3rd IEEE International Symposium on 

Power Electronics for Distributed Generation Systems, PEDG 2012, 374–379. 

https://doi.org/10.1109/PEDG.2012.6254029 

Shahgholian, G. (2021). A brief review on microgrids: Operation, applications, modeling, and 

control. International Transactions on Electrical Energy Systems, 31(6), 1–28. 

https://doi.org/10.1002/2050-7038.12885 

Shahzad, S., Abbasi, M. A., Chaudhry, M. A., & Hussain, M. M. (2022). Model Predictive 

Control Strategies in Microgrids: A Concise Revisit. IEEE Access, 10(October), 122211–

122225. https://doi.org/10.1109/ACCESS.2022.3223298 

She, B., Li, F., Cui, H., Shuai, H., Oboreh-Snapps, O., Bo, R., … Tolbert, L. M. (2023). 

Inverter PQ Control with Trajectory Tracking Capability for Microgrids Based on Physics-

informed Reinforcement Learning. IEEE Transactions on Smart Grid, PP, 1. 

https://doi.org/10.1109/TSG.2023.3277330 

Shi, J., Ye,  Z., Member, G. S., and Lyapunov, G. H. O., "Optimization in Online Battery 

Energy Storage System Control for Commercial Buildings,” vol. 14, no. 1, pp. 328–340, 2023. 

Silwal, S., Karimi-Ghartemani, M., Karimi, H., Davari, M., & Zadeh, S. M. H. (2022). A 

Multivariable Controller in Synchronous Frame Integrating Phase-Locked Loop to Enhance 

Performance of Three-Phase Grid-Connected Inverters in Weak Grids. IEEE Transactions 

on Power Electronics, 37(9), 10348–10359. https://doi.org/10.1109/TPEL.2022.3164878 

Singh, A. R., Ding, L., Kumar, A., Kheshti, M., Singh, R., & Bansal, R. (2019). Isolated 

microgrid voltage regulation using fuzzy-logic based inverter control. IET Conference 

Publications, 2019(CP764), 29–33. https://doi.org/10.1049/cp.2019.0529 

Soheli, S. N., Aney, U. S., & Mahmud, S. I. (2021). Designing A Highly Effective DC-DC Buck 

Converter for Sustainable Electronic Applications. International Conference on Robotics, 

Electrical and Signal Processing Techniques, 178–182. 

https://doi.org/10.1109/ICREST51555.2021.9331195 

https://doi.org/10.1109/TSG.2023.3277330


  181 

Thirunavukkarasu, G. S., Seyedmahmoudian, M., Jamei, E., Horan, B., Mekhilef, S., & 

Stojcevski, A. (2022). Role of optimization techniques in microgrid energy management 

systems—A review. Energy Strategy Reviews, 43(June 2021), 100899. 

https://doi.org/10.1016/j.esr.2022.100899 

Troops, G., Optimized, “Hybrid DC – AC Microgrid Energy Management System Using,” 

Application of Intelligent Techniques in Power System Stability, Control and Protection), 

2022. 

Ufa, R. A., Malkova, Y. Y., Rudnik, V. E., Andreev, M. V., & Borisov, V. A. (2022). A review 

on distributed generation impacts on electric power system. International Journal of 

Hydrogen Energy, 47(47), 20347–20361. https://doi.org/10.1016/j.ijhydene.2022.04.142 

Venkatramanan, D., Singh, M. K., Ajala, O., Dominguez-Garcia, A., & Dhople, S. (2022). 

Integrated System Models for Networks with Generators & Inverters. 1–17. Retrieved from 

http://arxiv.org/abs/2203.08253 

Waqas, M., Ahmed, T., Elavarasan, R. M., Waqar, A., Leong, K., Pugazhendhi, R., … 

Jeelani, M. W. (2021). DQ Transformation Based Control of Single-Phase Grid-Tied Inverter. 

Proceedings of 2021 31st Australasian Universities Power Engineering Conference, AUPEC 

2021, 24–29. https://doi.org/10.1109/AUPEC52110.2021.9597712 

Wong, L. A., and Ramachandaramurthy, V. K., “Optimal Allocation of Battery Energy Storage 

System Using Whale Optimization Algorithm,” 2021 International Conference on Electrical, 

Computer, Communications and Mechatronics Engineering (ICECCME), pp. 7–8, 2021. 

Wu, H., & Wang, X. (2023). Control of Grid-Forming VSCs: A Perspective of Adaptive 

Fast/Slow Internal Voltage Source. IEEE Transactions on Power Electronics, 1–13. 

https://doi.org/10.1109/TPEL.2023.3268374 

Wynn, S. L. L., Boonraksa, T., Boonraksa, P., Pinthurat, W., and Marungsri, B., 

“Decentralized Energy Management System in Microgrid Considering Uncertainty and 

Demand Response,” Electron., vol. 12, no. 1, pp. 1–19, 2023. 

Xu, J., Qian, H., Hu, Y., Bian, S., & Xie, S. (2021). Overview of SOGI-Based Single-Phase 

Phase-Locked Loops for Grid Synchronization under Complex Grid Conditions. IEEE 

Access, 9, 39275–39291. https://doi.org/10.1109/ACCESS.2021.3063774 

Yadav, A., & Srivastava, L. (2014). Optimal placement of distributed generation: An overview 

and key issues. 2014 International Conference on Power Signals Control and Computations, 

EPSCICON 2014, (January), 8–10. https://doi.org/10.1109/EPSCICON.2014.6887517 

Yousef, M. Y., Mosa, M. A., Ali, A. A., El Masry, S. M., & Abdel Ghany, A. M. (2022). 

https://doi.org/10.1016/j.esr.2022.100899
https://doi.org/10.1109/AUPEC52110.2021.9597712
https://doi.org/10.1109/TPEL.2023.3268374


  182 

Frequency stability enhancement of AC microgrid with high share of wind energy. 

Proceedings of the 2022 5th International Conference on Advanced Systems and Emergent 

Technologies, IC_ASET 2022, 155–160. 

https://doi.org/10.1109/IC_ASET53395.2022.9765889 

Yuan, Q. F., Wang, Y. W., Liu, X. K., & Liu, Z. W. (2022). Prescribed Performance-Based 

Secondary Control for DC Microgrid. IEEE Transactions on Energy Conversion, 1–10. 

https://doi.org/10.1109/TEC.2022.3186633 

Yusuf, S. S., & Abubakar, A. S. (2023). A Comprehensive Review on Grid-forming Inverter : 

Potential and Future Trends. 17(1), 1–27. https://doi.org/10.30486/mjee.2023.1970278.0 

Zaheeruddin, & Manas, M. (2015). Renewable energy management through microgrid 

central controller design: An approach to integrate solar, wind and biomass with battery. 

Energy Reports, 1, 156–163. https://doi.org/10.1016/j.egyr.2015.06.003 

Zamee, M. A., Han, D., & Won, D. (2023). Integrated grid forming-grid following inverter 

fractional order controller based on Monte Carlo Artificial Bee Colony Optimization. Energy 

Reports, 9, 57–72. https://doi.org/10.1016/j.egyr.2022.11.149 

Zhou, X., Liu, Q., Ma, Y., Li, W., & Xie, B. (2021). A modified ladrc-based dc-link voltage 

controller for photovoltaic grid-connected inverters. Electronics (Switzerland), 10(8). 

https://doi.org/10.3390/electronics10080877 

Zia, M. F., Elbouchikhi, E., & Benbouzid, M. (2018). Microgrids energy management 

systems: A critical review on methods, solutions, and prospects. Applied Energy, 222(May), 

1033–1055. https://doi.org/10.1016/j.apenergy.2018.04.103 

Zuo, Y., Yuan, Z., Sossan, F., Zecchino, A., Cherkaoui, R., & Paolone, M. (2021). 

Performance assessment of grid-forming and grid-following converter-interfaced battery 

energy storage systems on frequency regulation in low-inertia power grids. Sustainable 

Energy, Grids and Networks, 27, 100496. https://doi.org/10.1016/j.segan.2021.100496 

 

 

 

 

 

 

 

 



  183 

APPENDIX A. Additional Simulation Results for Article 4 

Tables A.1 and A.2 provide concise summaries of the diverse operational modes within 

the three used scenarios. 

Table A.1: Condition Table of the EMS  

Description Condition 1 2 3 4 5 6 7 

Scenario 1 (𝑷𝑷𝑮𝑮 = 𝑷𝑷𝑳𝑳) 

Supply variable AC Load 𝑃𝑃𝐺𝐺  = 𝑃𝑃𝐿𝐿 1 0 0 0 0 0 0 

Scenario 2 (𝑷𝑷𝑮𝑮 > 𝑷𝑷𝑳𝑳) 

Supply variable AC Load & Charge Battery SOC < 100% 0 1 0 0 0 0 0 

Supply variable AC  Load & Utility grid SOC = 100% 0 0 1 0 0 0 0 

Scenario 3 (𝑷𝑷𝑮𝑮 < 𝑷𝑷𝑳𝑳) 

Discharge Battery SOC > 20% 0 0 0 1 0 0 0 

Disconnect Battery SOC ≤ 20% 0 0 0 0 1 0 0 

Connect the utility grid if it is available Utility grid availability = 1 0 0 0 0 0 1 0 

Switch on the diesel generator if the utility 

grid is unavailable 

Utility grid availability = 0 0 0 0 0 0 0 1 

Where 𝑃𝑃𝐺𝐺 is the power produced by the RESs and 𝑃𝑃𝐿𝐿 is the AC variable load power. 

 
Table A.2: Action Table of the EMS  

N* Description Action 

1 Variable AC Load supplied A1: AC Load = ON; 

2 Variable AC Load supplied & Battery charging A2: AC Load & Battery = ON; 

3 Variable AC Load & Utility grid supplied A3: AC Load = ON; Battery = OFF; Utility grid 

= ON; 

4 Battery discharging A4: AC Load = ON; Battery = ON;  

5 Battery disconnected A5: Battery = OFF;  

6 Utility grid connected  A6: AC Load = ON; Utility grid = ON; 

7 Diesel generator switched on  A7: AC Load = ON; Diesel generator = ON; 

The Stateflow logical programming environment is utilized to model and simulate dynamic 

systems, particularly systems with discrete event-driven behaviour. Its primary purpose is to 

provide a visual and intuitive way to represent and analyse the logical control and decision-

making aspects of a system. Stateflow is a tool that aids the design, analysis, and 

implementation of a control logic for dynamic systems, providing a way to create clear, 

structured, and efficient control algorithms.  
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The State-Flow Logical Programming Environment is a powerful tool that offers a clear and 

effective platform for designing and implementing logical control systems. This environment 

provides a wide range of capabilities that facilitate the design, testing, and maintenance of 

control systems. One of the most notable aspects of the Stateflow Logical Programming 

Environment is its graphical interface, which enables the design of state components using 

block diagrams. This visual representation simplifies the understanding and communication 

of complex system behaviour. The ability to drag and drop objects and connect blocks with 

lines improves the overall user experience and speeds up the design process. The simulation 

capabilities allow testing and validation of the control systems’ behaviour based on a variety 

of scenarios, ensuring robustness and reliability. 

Scenario 1:  

Figure A.1 shows the power production scheme in which the generated power is the same 

compared to the requirement of the load. 

 

Figure A.1: Power produced by RESs (scenario 1). 

 

Figure A.2 presents the Stateflow energy management block diagram. As the first scenario 

states, when the power produced and the load requirement are equal, it will be supplied 

without any interruption. On the block diagram, the load displays 1, which affirms that the 
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given condition is respected. The other outputs display 0, which indicates their inoperative 

state (disconnected from the system). 

 

Figure A.2: Stateflow energy management block diagram. 

 

The output results for this case are graphically presented in Figure A.3, presenting all the 

results visually. In this scenario, the load is receiving power, while the other outputs remain 

non-operational.  

 

 

Figure A.3: Stateflow block transition. 

 



  186 

Scenario 2: The generated power exceeds the load demand power in this situation, as Figure 

A.4 illustrates. 

 

Figure A.4: Power produced by RESs (scenario 2) 

 

Figure A.5 represents the condition/action diagram for this second scenario. When the power 

generated exceeds the requirement of the load, then the surplus of generation is going to be 

either stored in the battery or supplied to the grid according to the charging condition. Firstly, 

the SOC of the battery is checked to estimate its value (maximum or minimum). If the SOC is 

in a minimum value (≤ 20%), then the battery charges up to its maximum value (100%), after 

this value, the battery is disconnected, thus the rest of the production excess is supplied to 

the utility grid (grid connected mode). 
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Figure A.5: Stateflow condition / action block 

 

Figure A.6 represents the Stateflow energy management block diagram. As it is shown, 

the load is being supplied, while simultaneously, the battery is also charging; represented 

by 1 for the load demand and battery and 0 for the other outputs, meaning that they are 

not operating. 

 

Figure A.6: Stateflow energy management block diagram 

 

Figure A.7 shows that the transition block of the battery displays blue, which means that the 

state transited from the load demand block to the battery block showing that the demand of 

the load is satisfied and the battery is being charged. 
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Figure A.7: Stateflow block transition 

 

The results from the energy management block diagram are presented in Figure A.8. The 

variable AC load and utility grid display 1 and 0 for the battery, meaning that the battery is 

disconnected after reaching its maximum value (100%) and the diesel generator is also 0 

which means it is not operating. 

 

Figure A.8: Stateflow energy management block diagram 

 

The Stateflow block transition graphical interface is shown in Figure A.9 below. As shown, the 

utility grid block diagram is displayed in blue, which means the state transited from the load 

demand, afterwards to the battery and then to the utility grid based on the EMS control. Only 

the utility grid and load blocks operate for this case. 



  189 

 

 

Figure A.9: Stateflow block transition 

 

Scenario 3: The load requirements exceed the produced power in this scenario, as shown in 

Figure A.10. Consequently, the load requirements will be fulfilled with the assistance of the 

battery. 

 

Figure A.10: Power supplied by RESs (third scenario) 

 

Figure A.11 presents the condition / action block. The condition is that, the EMS algorithm 

firstly checks the available power in the battery storage by checking its maximum and 
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minimum values. If the SOC is over 20%, the battery discharges and when the SOC reaches 

its minimum value (≤ 20%), then the battery stops supplying and it is disconnected. 

 

Figure A.11: Stateflow condition / action block 

 

Figure A.12 presents the EMS algorithm block diagram; in which it is illustrated that the load 

demand is satisfied with the assistance of the battery. It is shown that the load is receiving 

power from the generated power and the battery, thus, the battery is discharging. 

 

Figure A.12: Stateflow energy management system block diagram 
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The graphical interface of the third case is shown in Figure A.13. The load demand block 

diagram is displayed in blue, meaning its operating mode. The state transits from the 

production, then to the battery and goes to the load based on the EMS control. 

 

Figure A.13: Stateflow block transition. 

 

The condition/action block for this case is shown in Figure A.14. The condition is based on 

the accessibility of the grid, when it is accessible, it provides power to meet the requirement 

of the load; if not, the diesel generator is activated to meet the load demand. As defined by 

the developed algorithm, the battery is allowed to charge when the generated power is greater 

than or equal to 20% of the production. The production is estimated at 1 MW, thus 20% of the 

production refers to 200 kW. Based on the condition, the battery is charged when the 

generation is ≥ 200 kW. 
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Figure A.14: Stateflow condition / action block 

 

Figure A.15 presents the EMS algorithm block diagram. In this figure, it is illustrated that the 

requirement of the load is met with the help of the utility grid, while simultaneously, the battery 

is charging from the available power produced by renewable energy sources. This implies that 

the power supplied exceeds 20% of the production. 
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Figure A.15: Stateflow energy management block diagram 

 

In Figure A.16, the transition block of this case is presented. It is seen that the battery block 

diagram displays blue, which explains the load and the battery operating mode. As stated 

previously, the transition state starts from one point to another. In this scenario, the load is 

supplied from the grid, thus the transition states from the grid block to the load block. 

Moreover, given that the production exceeds 200 kW, the battery is charging as shown in the 

transition block. 

 

Figure A.16: Stateflow block transition. 
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Figure A.17 shows that the battery has been disconnected. Therefore, the demand for the 

load is met by the utility grid and the produced power.  

 

Figure A.17: Stateflow energy management block diagram. 

 

Figure A.18 presents the graphical interface of the discussed case. It is shown that the load 

block diagram is displayed in blue, which explains its operating mode and the state transits 

from the grid block to the load demand block. 

 

Figure A.18: Stateflow block transition. 
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As illustrated in Figure A.19, the diesel generator provides power to the load, and the 

production power is used to charge the battery. The battery is charged because the production 

power in this case exceeds 20% of the production (≥ 200 kW). 

 

Figure A.19: Stateflow energy management block diagram. 

 

In Figure A.20, the transition block of this case is presented, where the utility grid is not 

accessible and the diesel generator is activated. It is seen that the battery block diagram 

displays blue, which explains the operating mode of the battery and the load. The demand of 

the load is met by the diesel generator, thus the transition states from the diesel generator 

block to the load demand block. Moreover, given that the power supplied by the renewable 

energy sources exceeds 200 kW, then the battery charges as shown in the transition block in 

Figure A.21. 



  196 

 

Figure A.20: Stateflow block transition 

 

In Figure A.21, the results indicate that the battery has been disconnected. Therefore, the 

production power combined with the diesel generator supply power to the load. 

 

Figure A.21: Stateflow energy management block diagram. 

 

The graphical interface of the discussed case is shown in Figure A.22. 
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Figure A.22: Stateflow block transition. 

 

It is seen that the load demand block diagram displays blue, which explains its operating mode 

and the state that transits from the diesel generator block to the load demand block. The 

demand is met using the production power combined with the diesel generator, and the 

developed EMS algorithm consistently monitors the production power as well as the grid 

accessibility. As soon as the utility grid becomes or the produced power is sufficient to meet 

the requirement of the load, the diesel generator is deactivated. This strategy is persistently 

employed to provide an uninterrupted power supply to the variable AC load. Through the 

implementation of these control algorithm conditions, the power balance of the system is 

attained, and the state of charge of the battery is maintained at the necessary level to prolong 

battery life. 

 

 

 

 

 



  198 

APPENDIX B. Additional Simulation Results for Article 5 

Typhoon HIL software was used to physically build the developed hybrid micro-grid and EMS 

control, to test, validate and optimize its performance. Each circuit element is represented by 

corresponding model blocks, which are provided in the software. 

B.1: Wind Power Plant Model Simulation 

To verify the design of the model, its quality performances are estimated and analysed using 

simulation. This model has a rotational speed of 18 rpm, as shown in Figure B.1. The system 

has a maximum power of 500 kW, and a maximum voltage of 380 Vac. The wind power 

simulation results are shown in Figure B.2. 

 

Figure B.1: Wind power plant rotational speed. 

 

Figure B.1 shows the rotational speed of the wind power plant. To guarantee safe and effective 

wind turbine operation, the rotational speed is adjusted in the simulation model, thus reducing 

downtime and increasing energy output. Figure B.2, presents the HIL SCADA panel of the 

wind power plant. The Typhoon HIL system has a graphical user interface called the HIL 

SCADA panel that enables users to monitor and control the HIL simulation in real-time. It gives 

users a thorough overview of the simulated power system and enables them to visualize data, 

conduct analysis, and interact with the simulation. It also enables the monitoring of power 

flows, voltage and frequency waveforms, and other relevant parameters. 
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Figure B.2: Wind power plant HIL SCADA panel. 

 

As can be seen in Figure B.3, the panel includes features for setting up alarms and monitoring 

system events.  

 

Figure B.3: Wind power plant HIL SCADA interface. 
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The voltage and power outputs are illustrated in Figure B.4 and Figure B.5. The results 

demonstrate that the voltage and power outputs remain constant with very small ripples. The 

average wind power values for the output voltage are 384.5 V and 500 kW for the output 

power. 

 

Figure B.4: Wind turbine output voltage. 

 

 

Figure B.5: Wind turbine output power. 

 

B.2: Photovoltaic Power Plant Model Simulation 

To generate the required power, the PV module must be connected in a considerable quantity 

of solar cells both in parallel and series. In this simulation, the temperature was maintained 

constant at 25°C while the solar irradiation was expected to vary depending on various 

scenarios. The PV power plant HIL SCADA is shown in Figure B.6 in which all the data are 

visualized. On this panel, different data such as terminal voltage, frequency, active power, 

reactive power and apparent power are presented.   



  201 

 

Figure B.6: PV power plant HIL SCADA panel. 

 

Figure B.6 shows the PV plant output power from the inverter as a function of simulation time. 

The result shows that output power is remained constant at 500 kW with minimum ripples 

 

Figure B.7: PV power plant output power. 

 

The PV power plant HIL SCADA interface is shown in Figure B.8. Different parameters are 

seen in the interface including the active power for each phase, the inverter control and the 

external commands which represent the slider micro widget component that allows to vary the 

solar irradiance. 
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Figure B.8: PV power plant HIL SCADA interface. 

 

B.3: Diesel Generator Model Simulation 

As seen in Figure B.9, the maximum generator speed is 1800 rpm. The diesel generator has 

a maximum output power of 1.5 MW and 380 𝑉𝑉𝑎𝑎𝑎𝑎. The following Figures present the simulation 

results. Figure B.9 shows the generator rotational speed, which has a maximum speed of 1800 

rpm. This speed represents the maximum value at which the diesel generator generates the 

maximum power.  

 

Figure B.9: Generator speed. 
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Figure B.10 presents the diesel generator HIL SCADA panel in which all the parameter values 

are visualized. In this panel, different data are shown such as active and reactive powers, 

terminal voltage, frequency as well as apparent power. 

 

Figure B.10: Diesel generator HIL SCADA panel. 

 

The output voltage of the diesel generator is shown in Figure B.11. The result shows that the 

output voltage remains constant with very small ripples, which are insignificant. 

 

 

Figure B.11: Diesel generator output voltage. 

 

In Figure B.12, the maximum diesel generator output power is presented and this value is 

constant with very small ripples, which are negligible. 
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Figure B.12: Diesel generator output power. 

 

In Figure B.13, the HIL SCADA interface of the diesel generator is presented, which includes 

different relevant parameters. 

 

Figure B.13: Diesel generator HIL SCADA interface. 
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B.4. Battery Energy Storage Model Simulation 

The maximum capacity of the battery is 900 Ah and a 380 𝑉𝑉𝑎𝑎𝑎𝑎. A bidirectional converter was 

used to step down the battery system input voltage for charging and to step up the output 

voltage for discharging. The results of the simulation are presented in the following Figures.  

Figure B.14 is the HIL SCADA panel of the battery inverter in which all the parameter values 

are visualized. In this panel, all the parameter values are shown in the HIL simulation in real-

time. Various data are shown such as active and reactive powers, terminal voltage, frequency, 

SOC as well as apparent power. 

 

Figure B.14: Battery inverter HIL SCADA panel. 

 

Figure B.15 shows the battery inverter output power, demonstrating its consistency with minor 

fluctuations. The average generated power is 920.12 kW, and Figure B.16 shows the 

corresponding output voltage. 

 

Figure B.15: Battery output power from the inverter. 
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Figure B.16: Battery output voltage from the inverter. 

 

Figure B.17 presents the HIL SCADA interface of the battery inverter, which includes different 

parameters and allows to interact with the simulation. Thresholds can be set in this interface 

or conditions that trigger alerts when specific events occur, such as overvoltage, overcurrent, 

or abnormal behaviour. 

 
Figure B.17: Battery HIL SCADA interface
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APPENDIX C: PQ control model / MATLAB/Simulink environment 

 
Figure C: DC voltage regulator control diagram 
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APPENDIX D: Hybrid Micro-Grid Controller / Typhoon HIL 

 
Figure D: Energy management control / Typhoon HIL 
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APPENDIX E: Hybrid Micro-Grid / Typhoon HIL 
 

Figure E: Developed Hybrid micro-grid. 
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