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Abstract 

Escalating fossil fuel prices, pressure of more stringent environmental 

regulations, and deregulation in the electricity market provide opportunities and 

motives for renewable energy sources (RESs), such as wind, solar, tidal and wave 

energy to be integrated into existing power grids. Nevertheless, due to the distributed 

nature of RESs, the traditional centralized power system architecture, as well as control 

mechanisms, are not adequate to support the integration of renewable energy systems. 

Therefore, the concept of a microgrid emerged, where a group of distributed energy 

sources and loads, form a network within clearly defined electrical boundaries. 

Microgrids can be operated independently in the ‘islanded’ mode or connected to a 

bigger power network to operate in the ‘grid-connected’ mode.  

In addition, due to the intermittent nature of the RESs, and the non-linear 

behaviour of load demands, high levels of reserves are required to smooth over the 

resultant power fluctuations. Therefore, energy storage systems are becoming an 

integral part of microgrids which improve reliability issues, demand management and 

provide support for voltage and frequency control, and thereby increase system 

stability and reliability. The importance and inevitability of energy storage in 

microgrids have extensively been demonstrated in recent research. Nevertheless, 

optimal sizing of energy storage systems in microgrids is an area which requires 

further developments. This thesis critically reviews the gaps in existing optimal sizing 

strategies and proposes a powerful hybrid optimization method based on artificial 

intelligence techniques to achieve maximum efficiency, enhance the economic 

dispatch, and provide optimal performance for the microgrid modules. The hybrid 

optimization method implemented in real-time energy management within microgrids 

power system to guarantee optimal and safe operation of the system. Moreover, 

planning and operating generation sources in an efficient manner has a significant 

influence on microgrid stability, reliability, and profitability. This thesis will 

subsequently present power management system (PMS) for reliable and economic 

operation of microgrids in both grid-connected and islanded modes. In addition, the 

proposed PMS has the ability to schedule the microgrid generation with minimum 

information shared by generation units. 
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 Due to the comparable sizes of loads and sources, operating a microgrid in 

islanded-mode is more challenging compared to operating in a grid-connected mode. 

This could be seen from the inertia point of view as well, where lack of inertia or 

traditional synchronous generators leads to frequency deviations. Moreover, the 

intermittent nature of RES results in power imbalances and instabilities. Thus, energy 

storage has been used in various ways to solve both issues in islanded microgrids, and 

thus is becoming an industrial norm. The addition of a new generation source to an 

already existing power grid is not easily accomplished, due to the high impact on both 

the system stability as well as the economic dispatch of the grid. Subsequently this 

thesis presents frequency control strategies for islanded microgrids based on the 

optimal size of Battery Energy Storage System (BESS), as well as efficient modelling 

of BESS’ controller. Through the utilization of both conventional generation as well 

as RES, the proposed approach enhances the system frequency response in cases of 

differing penetration levels of renewable sources. This thesis also has explored the 

impact of dynamic operations of both emerging technologies, such as distributed 

generation with battery storage, as well as islanded microgrids on system frequency 

performance. In addition, this thesis investigated the impact of adding new generation 

sources, such as tidal energy, to the existing power grid as well as addressed the impact 

of the new source on determining the optimal size of BESS and system economic 

dispatch. 

Accordingly, in order to evaluate the impact of the proposed methods in this 

research, different scenarios are defined and simulated in a real case study with the use 

of different software tools, such as MATLAB Simulink, m-file, and DIgSILENT 

PowerFactory. In conclusion, the obtained results of this research demonstrated that 

significant economic and environmental benefits can be achieved with the use of an 

artificial intelligence-based hybrid optimization method in managing generation 

sources in a microgrid. Furthermore, the results showed that adding the tidal energy 

source to the islanded microgrid has outstanding performance for minimising the 

operating cost of the microgrid as well as minimising the optimal size of BESS that 

required to stabilise the power grid. Moreover, selecting an appropriate size for the 

BESS, along with a robust BESS controller, has a significant impact on the frequency 

response stabilisation of microgrid in the islanded mode, which in turn increases the 

power system reliability and security. 
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Chapter 1:  Introduction 

The common drawbacks of centralized electrical power generation based on 

fossil fuels include, but are not limited to, long-distance transmission, low efficiency, 

and inadequate energy resources. In addition, escalating fuel prices, harmful 

emissions, and reliability issues in the power grid are all significant problems which 

have led to the development of alternative generation technologies and distribution 

architectures [1, 2]. The concept of microgrid is one of the prominent developments 

made in this context which contains a group of distributed generators (DGs), 

renewable energy sources, and loads which are all connected in order to form a power 

grid. Microgrids have the capacity to operate as a standalone system, known as 

islanded-mode, or alternatively have the ability to operate as an extension of the main 

power grid, known as grid-connected mode [3].  

The most significant feature of the microgrids is its ability to work independently 

from the main power grids during abnormal events such as faults, voltage collapses, 

or black-outs, etc. Furthermore, microgrids can also be disconnected intentionally 

from the utility grids in other circumstances, such as maintenance or when power 

quality issues arise. When the events are cleared, the microgrid can be connected to 

the main power grid without any interruption to the local loads. There are many 

technical drivers behind the concept of microgrids, which include the constraints of 

transmission that require that supplies to be closer to the loads, in turn enhancing 

energy security, replacing the conventional sources with renewable energy and 

distributed energy resources (DER), and improving the overall efficiency of the system 

(e.g., use of generation waste heat in a combined heat and power installation) [4-6]. 

 Motivation 

The need for conventional power grids to be upgraded in order to create efficient 

power grids which are more economical and environmentally friendly was the initial 

motivation for conducting the research outlined in this thesis. In order to determine the 

level of upgrade required, in regard to both the economic and environmental aspects, 

studies needed to be undertaken. Moreover, factors such as financial implications, 

political interests and geographical constraints should be taken into account, which 

added a new level of difficulty. The capability of the conventional power grid to 

accommodate more DGs along with the current generation units needed also to be 
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assessed, as well as consideration for the power quality issues caused as a result of 

multiple sources of dispatch being used in order to compensate losses to the grid. 

Therefore, the research needed to take into account the dispatch cost, and how that 

would compromise both the efficiency of the grid, as well as the losses. In order to 

accommodate the upgrading complexity, new control strategies and power grid 

infrastructure management are needed. This, as well as maintaining the system 

stability and efficiency, would be expected to attract significant expenditure. 

The difficulty of providing electricity to an off-grid community through the use 

of a power grid is mostly as a result of the cost associated with the installation of 

transmission lines. The off-grid power generation, with diesel generator 

systems/subsystems (DGSs), is expensive due to the high-cost fuel transportation and 

storage [7]. A more cost-effective approach for electrifying an off-grid community 

could be the use of available renewable energy resources (RERs) along with DGS. 

This type of isolated power generation and distribution system can be considered an 

islanded microgrid. As evident from the above description, islanded microgrids are 

energised mainly by fossil fuel generators and RERs, which help to reduce the life-

cycle cost and enhance renewable energy penetration, leading to significant reductions 

in greenhouse gas emissions [8]. The selection of DERs for an islanded microgrid, 

when considering both economic and technical criteria, presents a myriad of 

challenges in relation to the planning, operations, and maintenance. 

Renewable energy sources are experiencing an unprecedented surge in recent 

years, which leads to some concerns about the impact on the grids power systems 

stability and reliability. The effect of RER fluctuations, both in power grids generally 

and in microgrids specifically, may lead to some issues in the electrical power system, 

such as voltage instability, frequency fluctuation, power quality issues, and power loss, 

etc [9-11]. Thus, as renewable energy penetration increases, the need for energy 

storage systems becomes inescapable. Although various energy storage systems are 

readily available, batteries are abundant, the technology has matured, and have the 

capability to be independent of the site geography. Thus, battery banks are used 

frequently in grid-connected systems, and their trendiness, in the case of islanded 

microgrid power systems, is increasing. However, the primary obstacle to implement 

battery energy storage systems (BESS) in power networks is related to the high cost 

of the storage systems [12]. 
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Therefore, to achieve the maximum utilization of RER and BESS in microgrids 

power systems, the feasibility of the RERs, renewable energy penetration (REP), 

microgrid operational costs, and the reliability of the microgrids power systems must 

be carefully evaluated. The microgrid costs, REP, stability, and reliability of microgrid 

depend on both the control strategy and the power management strategy (PMS) of the 

microgrid [13]. Thus, the simultaneous optimization of the PMS is a fundamental 

concern to the microgrid power system design, as it impacts upon the cost-

effectiveness of the system. Choosing an appropriate power management strategy 

requires a deep knowledge of the system’s operational conditions, which is in turn, 

requires the ability to apply the results to the power system.  

Building an intelligent power management strategy is vitally important, due to 

the ability to manage the changes in the load demand in addition to the cost generation 

of the grid. Thus, it is important to classify the operational conditions of microgrid 

based on their cost, and safety factors in order to find solutions for problems. PMS 

issues can be solved through the use of either classical or intelligent management 

techniques based on the level of complexity. The PMS operational scenarios differ in 

microgrids based on their load profile and the location of the generation sources where 

installed, especially in the average-size of microgrids where the complexity is bigger 

due to the isolation from the utility grids. The aforementioned challenges can be 

defined as the result of having multiple sources of generation units in the same grid in 

order to provide reliable supply into the power system and can be labelled as a 

“Generation Scheduling Problem”. 

Along with building a robust PMS, identifying the optimal power and energy 

capacity of the BESS is essential in building the strategic decisions related to the 

reliability and sustainability of the microgrids power systems. An appropriate optimal 

sizing approach guarantees the lowest operational costs, the maximum REP, and the 

highest reliability. The optimization process for identifying the optimal size of BESS 

in microgrids is a significantly challenging task, due to the complexities of operation, 

stochastic nature of the RERs, variability of the loads, nonlinear characteristics of the 

components, the number of design constraints, as well as optimization variables. 

Nevertheless, the perceived economic and environmental benefits of microgrids have 

encouraged research and development efforts towards resolving the design, planning, 

and operational issues. Continuing research and development efforts are therefore 

needed to create economically feasible and technically reliable microgrids. As a result, 
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the proposed approaches in this thesis carry a novel strategic plan for the reliable and 

secure operation of microgrids. Consequently, the main objectives of this work are to 

determine the optimal size of the energy storage system and optimal generation 

decision to facilitate the high penetration of renewable energy resources in the power 

networks that guarantee the microgrid stability and reliability. 

 Problem Statement 

Microgrids are increasingly being used as a platform for integrating DGs, such 

as RES, and traditional sources in both grid-connected and off-grid power systems. 

System stability and energy management are both major issues associated with running 

several sources in microgrids. Energy management is designed to deal with generation 

sources during normal operation, as well as in emergency situations. On the other hand, 

increased levels of RES could lead to reliability and security issues, which in turn 

reduces the frequency response ability as the fossil fuel generation is replaced by 

RESs. However, these concerns are more pronounced in islanded microgrids than in 

grid-connected microgrids due to the lack of inertia which subsequently makes it more 

prone to failure. To overcome these challenges, alternative methods have been 

proposed, such as the use of battery energy storage systems (BESSs). With the success 

of energy storage technologies in mitigating power fluctuations, increasing the system 

reliability and providing frequency support they have become an essential component 

in microgrids. 

The utilization of appropriate BESS size is vitally important, as a large size of 

BESS will increase the initial cost, whereas a small size will lead to instabilities of the 

microgrid power system and increase the cost of conventional fuels due to inadequate 

energy from the BESS. Thus, selecting the optimum size of BESS which fits the given 

applications is important for the reliable, efficient, and economical operation of a 

microgrid. After identifying the optimal size of BESSs, maintaining the BESSs’ power 

at the appropriate level will be one of the priorities to ensure the system stability, as 

well as the microgrids operations. The meeting of the aforementioned challenges 

requires multiple areas of research, with some covered in this thesis. The 

implementation of advanced technologies has been predicted to lead to a significant 

revolution, or to the transformation of the electrical power system. This conversion is 

from a conventional to a more advanced system where the real-time information and 

automated functions are essential in order to raise the system reliability. 
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Comprehensive research concerning the following have been considered in this thesis; 

the modelling of microgrid power system components, design of a multi-objective 

power management method, design of an intelligent optimization method to find the 

optimal size of BESS that cope with microgrid power system constraints, and selection 

of the most effective parameters that affect the microgrid operations. 

 Research Questions 

Microgrids have time-series dynamics, making attempts to optimize their 

operations interesting and challenging problems. Also, high penetration levels of RES 

add a new level of complexity to the system frequency control. On the other hand, 

energy storage assets remain relatively expensive, with the cost per unit of energy 

throughput of many storage technologies being greater than the levelised cost of 

energy from RES such as solar photovoltaic systems, wind turbine, and ocean energy. 

Therefore, based on these challenges, microgrids planning and operational decisions 

need to be carefully optimized. Consequently, the following research questions will be 

answered in this thesis: 

• How to design an adaptive energy management strategy which has the ability 

to support sudden and unexpected changes in microgrid operations? 

• How can the source operations of the microgrids be categorised based on the 

operational conditions to minimise the generation’s costs in the longer term? 

• How can the energy storage operations be optimized to enhance the power 

systems stability and robustness of the microgrids? 

• How can artificial intelligent based meta-heuristic algorithms be utilized in 

microgrid power management, and what are the restrictions of the proposed 

power management system on the microgrid generation? 

• What are the challenges of the power system arise when adding new generation 

sources to an existing islanded microgrid? 

• How does the inertia reduction affect the frequency performance on islanded 

microgrids, and which metrics should be used for assessing the frequency 

stability of the system?  

• What are the impacts of BESS on the frequency stability of a power system? 

• How to assess the frequency performance of the islanded microgrids in a 

systematic way, and what is the impact of increasing RES penetration levels 

on the system frequency response limits? 
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• How to enhance the flexibility of the system and improve the frequency

performance of the islanded microgrids by utilizing different resources, and

how to quantify the contribution of those resources on the frequency control?

• How can all of the abovementioned intelligent modules be integrated into one

framework that works towards achieving low-cost generation with high system

reliability and stability?

 Research Objectives 

The aim of this research is associated with providing intelligent solutions to the 

distributed operation problems in a real-time frame, and to and control the microgrids 

power system stability and reliability. More specifically, the structure provides a future 

distributed power system with a high level of modularity, scalability, adaptability, as 

well as ability to improve the security and reliability of the grid by managing multiple 

generation sources at the same time. Also, the proposed method has the capability to 

deal with high penetration levels of RES, as well as managing the operations between 

multiple generation units in the real-time frame.  

As a result, this research presents an optimal configuration and control strategies 

to ensure security, reliability, and efficient operation of microgrids that includes 

renewable energy sources, BESS, and conventional sources. The optimal sizing, 

control, and energy management of a microgrid are proposed in both island and grid-

connected modes. The objectives of this thesis are categorized as main objectives and 

sub-objectives. 

Main objectives: 

• To design an optimization method that implements the information provided

with time-step 30 minutes related to the generation cost from BESS as well as

the conventional generation that couples with RESs (solar panels, wind

turbines, and tidal turbines generation). This approach will also determine the

smart utilization of storage devices among other resources, in order to minimise

the power cost in the longer term for the managed microgrid;

• To determine the optimal size of BESS which minimises the operational costs

and increases the system reliability by taking into account the operating

conditions with the highest security and lowest emission;

• To implement intelligent strategies which accommodate all the above targets.

The proposed strategies will be validated in a simulated environment relying
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on a set of engineering assumptions. Furthermore, this research will include 

the steps of the development that encompass the logical sequence of running 

the intelligent modules to help make optimum decisions;   

• To investigate the BESS’ controller based on a decentralised control method 

in order to enhance the system reliability and dynamic performance; and 

• To investigate the deviations of the frequency response which inherent the 

classical droop method. As it is not efficient to operate the power system 

outside the frequency limits, a complementary frequency restoration strategy 

must be implemented. 

Sub-objectives: 

• To review the optimization techniques applied to microgrids, and study the 

possibility of real-time optimization; 

• To investigate the possibility of installing new renewable energy sources on a 

currently islanded microgrid; and 

• To control the microgrid frequency in the islanded microgrid during network 

contingencies;  

 Research Contributions 

The contributions of this research come from development of novel optimization 

methods for solving the most essential issues in the field of smart microgrids power 

systems management. The research novelty of this thesis is highlighted in the 

following aspects:  

Major Contributions 

• Introducing a novel optimization technique, which tackles the 

uncertainties of intermittent generation sources of the installed RES, 

along with the variable cost of the fossil fuel generators and storage 

devices. The proposed optimization approach focusses on determining 

the lowest dispatch cost and lowest environmental impact from 

participating the DGs;  

• Introducing a novel BESS charging/discharging technique, which 

manages the daily generation cost pattern, which makes the BESS 

important players in minimising the microgrid operation cost; 

• Implementing a hybrid optimization technique that contains an 

artificial intelligence (AI) based meta-heuristic algorithm named as 
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Grey Wolf Optimization (GWO), to optimize the operation of the 

microgrid with different types of operational conditions in a reliable 

manner. The utilization consists of modelling the behaviours of the 

proposed PMS along with Fuzzy Logic technology; 

• Proposing an enumeration-based meta-heuristic approach for 

determining the optimal size of BESS in microgrids. The approach 

enables the identification of global optimum, simultaneously optimises 

both BESS sizes and power energy sources, and offers realistic optimal 

sizes for BESS. This study also contributes on developing the detailed 

mathematical models, finding the economies of scale for the microgrids 

by the use of renewable energy penetration, and analysing the 

sensitivities on microgrid operational costs with the stochastic 

characteristic of renewable energy resources intermittency; and 

• Proposing a BESS’ controller for frequency regulation-based 

distribution generations units in microgrids operation mode. The 

controller designed in frequency mode along with meta-heuristic 

method (GWO) to cope with the microgrid constraints.  

Minor Contributions 

• Studying the impacts of integrating new renewable generation sources 

in an existing islanded microgrid, and investigating the impact of BESS 

and power management operation in mitigating the system reliability; 

• Implementing the proposed methods on a real microgrid case study; 

• Studying the impact of variable demands on component sizes and 

reliability evaluation of microgrids in both modes (off-grid and grid 

connected) that can be used for the purpose of electrifying a large 

microgrid community; and 

• Proposing a method to determine the priority levels into the hybrid 

optimization in order to enable operating the reconfigurable 

optimization structure for all the operation modes. 
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  Thesis Outline 

It is worth mentioning that some of the thesis contents are repetitive as a result 

of the thesis being prepared in publication format. The thesis is organised as follows: 

• Chapter 1 presents a general overview on the concepts of microgrids 

and PMS, which contain the characteristics of the microgrid and the 

operation mechanisms of the generation units based on their structure 

types, as well as the connection modes of the microgrids power system, 

along with the challenges of operation and performance control. 

Furthermore, problem statement, research questions, research objectives, 

and research contributions are also elaborated in this chapter. 

• Chapter 2 introduces a novel optimization method which targets the 

demand changes and RES fluctuation in the microgrids, and also 

examines the participation of BESS in the proposed PMS. The chapter 

also provides the current trends of modelling PMS, and also provides a 

summary of the other works in the field. Furthermore, the chapter 

presents a novel technique for charging/discharging of BESS along with 

other generators, which in turn offers lower operational costs of 

microgrids in the longer term. This chapter has been published in 

Energies, vol. 11, p. 847, 2018. https://doi.org/10.3390/en11040847 

• Chapter 3 introduces an intelligent module of the management system 

using AI techniques, which are responsible for making optimized and 

low-cost generation decisions. The chapter starts by describing the issues 

and exploring the other people’s works in the area. This chapter has been 

published in IEEE Xplore, 18 October 2018, pp. 1-6. 

DOI: 10.1109/EEEIC.2018.8493751 

• Chapter 4 covers the proposed multi-objective optimal sizing 

management structure that connects all the proposed intelligent modules 

to build a management system for islanded microgrids. The chapter 

addresses the logical sequence of running intelligent modules for sizing 

the BESS, and determining the optimal size with copes with a real case 

study (Flinders Island, Australia) constraints and achieving the chapter 

objectives. It also demonstrates the influence of the proposed PMS 

strategies in minimising the economic and environmental costs through 

utilizing a hybrid optimization method in supporting the management 

https://doi.org/10.3390/en11040847
https://doi.org/10.1109/EEEIC.2018.8493751
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strategies. This chapter has been published in Energy Conversion and 

Management, vol. 175, pp. 192-212, 2018. 

https://doi.org/10.1016/j.enconman.2018.08.076 

• Chapter 5 investigates the impact of integrating new generation sources 

on the proposed management strategies as well as the optimal size of the 

BESS of the islanded microgrids. This work was inspired by the need for 

a reliable and intelligent power system that connects the existing power 

system of a standalone microgrid (Flinders Island, Australia) with new 

renewable energy resource (tidal energy). This chapter has been 

published in IEEE Xplore 2018, pp. 1-6. 

DOI: 10.1109/EEEIC.2018.8493999 

• Chapter 6 introduces a novel technique of optimizing BESS size in 

islanded microgrids that cope with grid contingencies. This chapter also 

focuses on finding the optimal size of BESS which stables the frequency 

response during the power system faults as well as during different level 

of RES penetrations. This chapter in review with the Energy journal. 

• Chapter 7 summarises the thesis contributions on providing optimal 

solutions for dispatch management problems, determining the optimal 

size of BESS that minimise the dispatch cost of microgrid operations, 

and increase the microgrid power system stability and reliability. Finally, 

future works and recommendations have been included in this chapter, 

on the mix of solutions that could put in place to allow higher penetration 

levels of variables NS-RES with different microgrid applications. 

  

https://doi.org/10.1016/j.enconman.2018.08.076
https://doi.org/10.1109/EEEIC.2018.8493999
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Chapter 2:  Grey Wolf Optimization-Based Optimum 

Energy-Management and Battery-Sizing Method for 

Grid-Connected Microgrids 

This chapter presents a novel method which, through the use of Grey Wolf 

Optimization (GWO), tackles the uncertainties of renewable energy sources and costs 

of fossil fuel generators, as well as novel BESS charging/discharging technique. The 

proposed methods have been implemented in different scenarios, and the numerical 

results have been compared with other existing optimization methods such as GA, 

PSO, BA and IBA in order to validate the efficiency of the proposed method. This 

chapter concludes the important aspects, gaps, and knowledge of microgrids of how 

the research in this thesis addresses these gaps. This chapter has been published in the 

“Energies Journal”. The citation for the research article is: 

K. S. Nimma, M. D. Al-Falahi, H. D. Nguyen, S. Jayasinghe, T. S. Mahmoud, and M. 

Negnevitsky, "Grey wolf optimization-based optimum energy-management and 

battery-sizing method for grid-connected microgrids," Energies, vol. 11, p. 847, 2018. 
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 Abstract 

In the revolution of green energy development, microgrids with renewable energy 

sources such as solar, wind and fuel cells are becoming a popular and effective way 

of controlling and managing these sources. On the other hand, owing to the 

intermittency and wide range of dynamic responses of renewable energy sources, 

battery energy-storage systems have become an integral feature of microgrids. 

Intelligent energy management and battery sizing are essential requirements in the 

microgrids to ensure the optimal use of the renewable sources and reduce 

conventional fuel utilization in such complex systems. This paper presents a novel 

approach to meet these requirements by using the Grey Wolf Optimization (GWO) 

technique. The proposed algorithm is implemented for different scenarios, and the 

numerical simulation results are compared with other optimization methods including 

the genetic algorithm (GA), particle swarm optimization (PSO), the Bat algorithm 

(BA), and the improved bat algorithm (IBA). The proposed method (GWO) shows 

outstanding results and superior performance compared with other algorithms in 

terms of solution quality and computational efficiency. The numerical results show 

that the GWO with a smart utilization of battery energy storage (BES) helped to 

minimize the operational costs of microgrid by 33.185% in comparison with GA, 

PSO, BA and IBA. 

Keywords: battery energy storage sizing; optimization; energy management systems; 

economic load dispatch; Grey Wolf Optimization (GWO); microgrid. 
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 Introduction  

With the ever-growing energy demand, greenhouse gas (GHG) emission 

reductions, energy-efficiency improvements, and adequate clean power have become 

major challenges in the energy sector. A promising solution to this issue is the 

development of microgrids with renewable energy sources such as solar, wind and fuel 

cells. The microgrids can be self-sufficient power grids (standalone microgrids) 

working with local sources or grid-connected microgrids attached to the conventional 

utility grid. Irrespective of the microgrids’ form, they have succeeded in reducing the 

CO2 amount and cutting energy costs [1, 2]. However, due to the fluctuations and 

intermittency of renewable-energy sources such as wind turbines (WTs) and 

photovoltaic (PV) units, the utilization of storage devices has become crucial in the 

microgrids [3]. These storage devices can inject auxiliary power to the grid during a 

power shortage or store the surplus power from the renewable sources during off-peak 

load demands. 

As mentioned above, the storage devices’ participation (charging/discharging) 

in microgrids is essential to maintain the power balance. Nevertheless, excessive 

battery capacity would increase the cost while a very small battery capacity results in 

insufficient power that leads to instabilities or increases the cost of conventional fuel 

usage. Therefore, finding the optimum capacity or size for storage devices is highly 

important for minimizing microgrid dispatch problems and optimizing operation costs 

[4-6]. 

In addition, intelligent energy-management methods aim to specify the optimum 

size of the battery, as well as reduce the use of conventional fuel and overall operating 

cost. As a result, several types of research have been conducted to address the optimal 

sizing of renewable-energy sources. The authors in [7] described the technical and 

economical sizing comparison of energy-storage systems (ESS) with three renewable-

energy sources PV, wind, and wave power, using a heuristic optimization stand on an 

adaptive storage operation. Aghamohammadi and Abdolahinia [8] determined the 

optimal size of the battery energy-storage system (BESS) based on the primary 

frequency control of the microgrid. A mixed-integer linear programming algorithm 

was utilized to address the optimum dispatching power flow in the microgrid, as well 

as the optimum sizing of storage devices [14-19]. Meta-heuristic algorithms have been 

applied in the hybrid energy system to find the optimal size of the battery devices in 

the microgrid [20-25]. A dynamic programming algorithm was employed in [26, 27] 
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to find the optimal scheduling problem, considering the efficiency and operating 

characteristics of storage devices in microgrids with isolated and grid-connected 

modes. 

A genetic algorithm (GA) was utilized in [28, 29] based on an optimization 

method to find the optimum sizing of microgrid components that consisted of a PV 

array, fuel cell (FC) and storage device as well as distributed generation (DG) units 

under the hybrid electricity market. This method was conducted to increase the 

lifecycle cost and minimize the GHG of the microgrid. However, some researchers 

employed particle swarm optimization (PSO) to evaluate the optimum size of BESS 

at a lower total cost [30-32]. 

Conversely, some researchers were concerned about minimizing the operation 

cost of the power networks that affect the optimum sizing of the components of a 

microgrid. Ahmadi and Abdi [33] demonstrated an efficient method that depends on a 

hybrid big bang–big crunch algorithm, which reduced the total present cost of the 

system. A non-linear programming optimization model was proposed to determine the 

optimal operation and sizing of the storage systems, reducing the cost of the hybrid 

system while satisfying the service requirements [34]. Active distribution networks 

(ADNs) are optimal operations used to minimize network losses, as well as the cost of 

power imported from the external grid. Nick et al. [35] considered the ESS size which 

is the main factor that affects the performance of ADNs. The differential evolution 

algorithm was utilized in [36] to determine the size of the renewable-energy sources, 

reduce power losses, enhance voltage constancy of the system, and reduce the cost in 

the microgrid. 

Recently, hybrid algorithm techniques that combine more than one algorithm 

have been widely utilized to solve optimization problems and satisfy problem 

constraints. GA based on the fuzzy expert system was used in [37] to determine the 

sizing of the ESS and set its power output. GA based on multi-objectives called 

photovoltaic-trigeneration optimization was used in [38]. A new sizing method based 

on simulink design optimization was employed in [39] to perform technical 

optimization of the hybrid system components. A PSO algorithm integrated with the 

fuzzy logic expert system that was applied to different scenarios was used in [40] to 

enhance the performance of storage devices in supplying power in the microgrid. A 

decision tree on a linear programming based on fuzzy and multi-agent systems was 
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implemented to adapt pricing rules and minimize the generation cost. for a typical 

autonomous microgrid [41]. 

However, some of the meta-heuristic algorithms search only in the neighborhood 

space for the best solutions without paying attention to the global space. This type of 

algorithm may mislead the search process and leave the optimization searching space 

stuck to a local solution only. Furthermore, some algorithms have perfect global search 

abilities, but their local exploration capability is limited. Due to these limitations, more 

robust algorithms are needed for premature concurrence and accelerate the exploration 

process. In this regard, a new advanced meta-heuristic algorithm named Grey Wolf 

Optimization (GWO) that has a good balance between the local and global search 

spaces is implemented in this paper. The main objective of this study is to minimize 

the operation dispatch costs in the microgrid by taking into account the optimum size 

of the battery-storage devices. The proposed algorithm is based on the hunting attitude 

of a pack of grey wolves with a high balance between the exploration and exploitation 

[42]. Finally, to verify the performance and the stability of the proposed algorithm, it 

is implemented on a typical low-voltage microgrid system. Different scenarios have 

been conducted and the simulation results compared with other optimization methods. 

The GWO results prove the capability of the proposed method in finding the best 

global optima in the optimization problem in terms of solution quality and 

computational efficiency. The main contribution of this study can be presented as 

follow: (1) proposing a novel approach to an intelligent energy-management method 

that increases the penetration of the renewable-energy sources and reduces the 

dependence on fossil fuel in the microgrid; and (2) takes into account the effect of the 

optimum size of battery-storage system on the operation management as well as the 

overall cost of the microgrid. 

This paper is organized as follows: Section 2.2 illustrates the mathematical 

problem formulation of the operational cost management in the microgrid. Section 2.3 

gives a brief description of the proposed grey wolf algorithm. The implementation of 

the GWO in the microgrid and the monitoring method for the storage devices are 

described in Section 2.4. Numerical results and a discussion are presented in Section 

2.5. Finally, Section 2.6 provides the conclusion of this research. 
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  Mathematical Problem Formulation 

The optimum sizing and load dispatch are important aspects of power-system 

management. The mathematical objectives and constraints considered in GWO 

formulation can be presented as follows: 

2.3.1 Objective Function  

This paper aims to reduce the operation cost while satisfying all the constraints, 

Therefore, determining the potential cost of the generation sources in the microgrid is 

extremely important, and based on that the different cost functions of the generation 

sources are determined as follows [3, 17, 43, 44]: 

𝑀𝑖𝑛𝐹(𝑋) =∑𝑓𝑡 + 𝑂𝑀𝐷𝐺 + 𝑇𝐶𝑃𝐷𝐵𝐸𝑆

𝑇

𝑡=1

𝑏 (2.1) 

Where 

𝑓𝑡 =∑𝐶𝑜𝑠𝑡𝑔𝑟𝑖𝑑,𝑡 + 𝐶𝑜𝑠𝑡𝐷𝐺,𝑡 + 𝐶𝑜𝑠𝑡𝐵𝐸𝑆,𝑡 + 𝑆𝑈𝐶𝑀𝑇,𝑡 + 𝑆𝑈𝐶𝐹𝐶,𝑡 + 𝑆𝐷𝐶𝑀𝑇,𝑡

𝑇

𝑡=1

+ 𝑆𝐷𝐶𝐹𝐶,𝑡                                  

(2.2) 

𝐶𝑜𝑠𝑡𝑔𝑟𝑖𝑑,𝑡 = {

𝐵𝑔𝑟𝑖𝑑,𝑡𝑃𝑔𝑟𝑖𝑑,𝑡                     𝑖𝑓 𝑃𝑔𝑟𝑖𝑑,𝑡 > 0

 (1 − 𝑡𝑎𝑥)𝐵𝑔𝑟𝑖𝑑,𝑡𝑃𝑔𝑟𝑖𝑑,𝑡   𝑖𝑓 𝑃𝑔𝑟𝑖𝑑,𝑡 < 0  

0                                           𝑖𝑓  𝑃𝑔𝑟𝑖𝑑,𝑡 = 0

} (2.3) 

𝐶𝑜𝑠𝑡𝐷𝐺,𝑡 = 𝐵𝑀𝑇,𝑡𝑃𝑀𝑇,𝑡𝑢𝑀𝑇,𝑡 + 𝐵𝐹𝐶,𝑡𝑃𝐹𝐶,𝑡𝑢𝐹𝐶,𝑡 + 𝑃𝑃𝑉,𝑡𝐵𝑃𝑉,𝑡
+ 𝑃𝑊𝑇,𝑡𝐵𝑊𝑇,𝑡 

(2.4) 

𝐶𝑜𝑠𝑡𝐵𝐸𝑆,𝑡 = 𝐵𝐵𝐸𝑆,𝑡𝑃𝐵𝐸𝑆,𝑡𝑢𝐵𝐸𝑆,𝑡 (2.5) 

𝑆𝑈𝐶𝑀𝑇,𝑡 = 𝑆𝑈𝑀𝑇 ×𝑚𝑎𝑥(0, 𝑢𝑀𝑇,𝑡 − 𝑢𝑀𝑇,𝑡−1) (2.6) 

𝑆𝑈𝐶𝐹𝐶,𝑡 = 𝑆𝑈𝐹𝐶 ×𝑚𝑎𝑥(0, 𝑢𝐹𝐶,𝑡 − 𝑢𝐹𝐶,𝑡−1) (2.7) 

S𝐷𝐶𝑀𝑇,𝑡 = 𝑆𝐷𝑀𝑇 ×𝑚𝑎𝑥(0, 𝑢𝑀𝑇,𝑡−1 − 𝑢𝑀𝑇,𝑡) (2.8) 

𝑆𝐷𝐶𝐹𝐶,𝑡 = 𝑆𝐷𝐹𝐶 ×𝑚𝑎𝑥(0, 𝑢𝐹𝐶,𝑡−1 − 𝑢𝐹𝐶,𝑡) (2.9) 

𝑂𝑀𝐷𝐺 = (𝑂𝑀𝑀𝑇 + 𝑂𝑀𝐹𝐶 + 𝑂𝑀𝑃𝑉 + 𝑂𝑀𝑊𝑇) × 𝑇 (2.10) 

The total operation dispatch of the microgrid is comprised of the operation 

dispatch cost of the utility grid, the costs of fuel DG units, the price of the battery 

energy storage (BES) operation, operation and maintenance costs of DGs, costs of 

startup/shutdown of Micro-Turbine (MT) and Fuel Cell (FC), and the total cost per 

day of BES (TCPDBES). The cost of BES constraints is determined by considering the 

one-time fixed cost (FCBES) and the annual maintenance cost of the battery (MCBES); 

these costs are proportional to the battery size. The storage cost when the size of the 
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battery is equal to its maximum size is calculated by considering the FCBES and the 

MCBES, which are as follows: 

𝐶𝑜𝑠𝑡𝐵𝐸𝑆 = (𝐹𝐶𝐵𝐸𝑆 +𝑀𝐶𝐵𝐸𝑆) × 𝐶𝐵𝐸𝑆,𝑚𝑎𝑥 (2.11) 

The time horizon (T) used in this paper is one day (24 h), in which the calculation 

of the operation time was based on that time. TCPD is determined in this study by 

accounting the interest rate (IR) of the financing installation and the lifetime (LT) of 

BES, which is as follows [3, 12]: 

𝑇𝐶𝑃𝐷𝐵𝐸𝑆 =
𝐶𝐵𝐸𝑆,𝑚𝑎𝑥
365

(
𝐼𝑅(1 + 𝐼𝑅)𝐿𝑇

(1 + 𝐼𝑅)𝐿𝑇 − 1
 𝐹𝐶𝐵𝐸𝑆 +𝑀𝐶𝐵𝐸𝑆) (2.12) 

2.3.2 Constraints 

The minimization of the operational cost in a microgrid is subjected to a number 

of constraints including the balance of the electrical load demands, the boundaries of 

DGs constraints, the operation reserve (OR) constraints, and the BES constraints. 

Details of the aforementioned constraints are described below. 

2.3.2.1 Balance of Electrical Load Demands 

The microgrid power generation sources that including MT, FC, PV, WT, and the 

power injected from BES or the external power from the utility grid, should satisfy the 

demands of the electrical load (PD,t ) in the microgrid with minimum operating costs. 

This constraint can be represented by using equation (13).  

P_MT,t u_MT,t + P_FC,t u_FC,t + P_PV,t+ P_WT,t+ P_BES,t u_BES,t+ P_grid,t = PD,t     t = 1, …, T (2.13) 

2.3.2.2 Boundaries of DG Constraints 

The output operation of the distributed generators of each unit should be within 

the maximum and minimum limits [45], which is as follows: 

P_MT,min ≤ P_MT,t ≤ P_MT,max                          t = 1, …, T (2.13) 

P_FC,min ≤ P_FC,t ≤ P_FC,max                           t = 1, …, T (2.14) 

P_PV,min ≤ P_PV,t ≤ P_PV,max                           t = 1, …, T (2.15) 

P_WT,min ≤ P_WT,t ≤ P_WT,max                          t = 1, …, T (2.16) 
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2.3.2.3 Grid Constraints 

The power supplied from the utility grid should be within the maximum and 

minimum limits in each time step: 

𝑃𝑔𝑟𝑖𝑑,𝑚𝑖𝑛 ≤ 𝑃𝑔𝑟𝑖𝑑,𝑡 ≤ 𝑃𝑔𝑟𝑖𝑑,𝑚𝑎𝑥                                      𝑡 = 1,… , 𝑇 (2.17) 

2.3.2.4 Operation Reserve (OR) Constraints 

The reserve power can be pumped into the microgrid in less than 10 min from 

the electrical power generation by turning on the MT, FC, utility and BES, and is 

formulated as follows [3]: 

P_MT,t u_MT,t + P_FC,t u_FC,t + P_PV,t + P_WT,t + P_BES,t u_BES,t + P_grid,t ≥ PD,t + ORt        

t = 1, 2, …, T 
(2.18) 

where ORt is 10 min. 

2.3.2.5 Battery Energy Storage (BES) Constraints 

The lithium battery is used for the BES system for the microgrid in this research. 

This type of battery has many advantages such as lack of memory effect, a high energy 

density, and its ability to lose power is slow when not engaged [3, 17, 44, 45] Battery 

constraints can be classified into charging and discharging modes: 

Discharging Mode 

  𝐶𝐵𝐸𝑆,𝑡+1 = 𝑚𝑎𝑥 {(
𝐶𝐵𝐸𝑆,𝑡 − ∆𝑡𝑃𝐵𝐸𝑆,𝑡

ƞ𝑑
) , 𝐶𝐵𝐸𝑆,𝑚𝑖𝑛}                

 𝑡 = 1,… . , 𝑇     

(2.20) 

where 

𝑃𝐵𝐸𝑆,𝑚𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆,𝑡 ≤ 𝑃𝐵𝐸𝑆,𝑚𝑎𝑥                         𝑡 = 1,… , 𝑇 (2.19) 

Charging Mode 

𝐶𝐵𝐸𝑆,𝑡+1 = 𝑚𝑖𝑛{(𝐶𝐵𝐸𝑆,𝑡 − ∆𝑡𝑃𝐵𝐸𝑆,𝑡 ƞ𝑐), 𝐶𝐵𝐸𝑆𝑚𝑖𝑛}           𝑡 = 1… . 𝑇 (2.20) 

where 

𝑃𝐵𝐸𝑆,𝑚𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆,𝑡 ≤ 𝑃𝐵𝐸𝑆,𝑚𝑎𝑥                                         𝑡 = 1,… , 𝑇 (2.21) 

where 

𝑃𝐵𝐸𝑆,𝑡 𝑚𝑎𝑥 = 𝑚𝑖𝑛 {𝑃𝐵𝐸𝑆,𝑚𝑎𝑥 ,
(𝐶𝐵𝐸𝑆,𝑡 − 𝐶𝐵𝐸𝑆,𝑚𝑖𝑛)ƞ𝑑

∆𝑡
}          𝑡 = 1,… , 𝑇 (2.22) 
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𝑃𝐵𝐸𝑆,𝑡 𝑚𝑖𝑛 = 𝑚𝑖𝑛 {𝑃𝐵𝐸𝑆,𝑚𝑎𝑥 ,
(𝐶𝐵𝐸𝑆,𝑡 − 𝐶𝐵𝐸𝑆,𝑚𝑖𝑛)ƞ𝑑

∆𝑡
}           𝑡 = 1,… , 𝑇 (2.23) 

The boundary limits of BES power in discharging and charging modes are 

expressed in Equations (2.21) and (2.23), respectively. The battery capacity in 

charging and discharging modes are expressed in Equations (2.20) and (2.22), 

respectively. The maximum power of BESS is expressed mathematically in Equation 

(2.24), whereas the minimum power of BES is expressed in Equation (2.25). The 

proposed storage device should satisfy all the constraints from (2.20) – (2.25). 

 Grey Wolf Optimizer (GWO) 

Grey Wolf Optimizer (GWO) is one of the powerful meta-heuristic algorithms 

proposed by [42]. As a newly developed algorithm it has the ability to compete with 

other algorithms such as PSO, GA and many other algorithms in terms of solution 

accuracy, minimum computational effort, and aversion of premature convergence. 

GWO was inspired by grey wolves, members of the Canidae family which are leading 

predators on top of the food chain. This type of wolves lives in groups of 5 to 12 

members. 

The leader of the wolf pack is called alpha and is responsible for the pack. While 

beta is the second level after alpha who reinforces the alpha’s instructions throughout 

the pack and delivers feedback to alpha. The lower level of the grey wolf hierarchy is 

called omega and usually plays the role of scapegoat. Moreover, if the wolf is not 

alpha, beta or omega, then he or she is called delta. The duties of delta wolves are as 

scouts, sentinels, elders, hunters and caretakers. Figure 2-1 illustrates the social 

dominant hierarchy of the grey wolves. The GWO steps for hunting the prey are 

presented in the next sub-section. 
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 Figure 2-1. The dominance hierarchy of grey wolves 

2.4.1 Mathematical Formulation of GWO  

The behavior of the GWO can be formulated mathematically, where the alpha 

(α) wolf position is assumed to be the best answer in the proposed GWO algorithm, 

while the beta (β) and delta (δ) positions are the second and third best answers, 

respectively. The omega (ω) represents the rest of the answers to the problem. The 

hunting in GWO algorithm is directed by α, β, and δ, while the omega follows them. 

The attacking process of the grey wolves involves several steps before they catch the 

prey. First, the wolves tend to encircle the prey to stop her from moving, this encircling 

behaviour can be represented by the following set of equations: 

𝐷→ = |𝐶→. 𝑋𝑝
→(𝑡) − 𝑋→(𝑡)|    (2.26) 

𝑋→(𝑡 + 1) = 𝑋𝑝
→(𝑡)−𝐴→. 𝐷→ (2.27) 

where 𝐴→ and 𝐷→ are the vector coefficients, 𝑋𝑝
→ is the vector location of the prey, t 

is current iteration, and 𝑋→ is the location vector of a grey wolf. The encircling 

equations can be obtained by finding the 𝐴→ and 𝐶→ vectors. 

𝐴→ = 2𝑎→. 𝑟1
→ − 𝑎→    (2.28) 

𝐶→ = 2. 𝑟2
→ (2.29) 

𝑎 = 2 − 𝑡 ∗
2

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (2.30) 

where 𝑎→is linearly changed from 2 to 0 during the algorithm iterations, and r1 and r2 

are random values between (0, 1). In each iteration, the best solutions from alpha, beta 
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and delta are saved and the other wolves (omega) update their positions based on the 

best solutions. These steps are represented by the following equations: 

𝐷𝐴𝑙𝑝ℎ𝑎
→ = |𝐶1

→. 𝑋𝐴𝑙𝑝ℎ𝑎
→ − 𝑋→| (2.31) 

𝐷𝐵𝑒𝑡𝑎
→ = |𝐶2

→. 𝑋𝐵𝑒𝑡𝑎
→ − 𝑋→| (2.32) 

𝐷𝐷𝑒𝑙𝑡𝑎
→ = |𝐶3

→. 𝑋𝐷𝑒𝑙𝑡𝑎
→ − 𝑋→| (2.33) 

The vector positions of the prey can be determined based on the alpha, beta and 

delta positions using the following equations: 

𝑋1
→ = |𝑋𝐴𝑙𝑝ℎ𝑎

→ − 𝐴1
→. 𝐷𝐴𝑙𝑝ℎ𝑎

→ | (2.34) 

𝑋2
→ = |  𝑋𝐵𝑒𝑡𝑎

→ − 𝐴2
→. 𝐷𝐵𝑒𝑡𝑎   

→ | (2.35) 

𝑋3
→ = |𝑋𝐷𝑒𝑙𝑡𝑎

→ − 𝐴3
→. 𝐷𝐷𝑒𝑙𝑡𝑎

→ | (2.36) 

𝑋→(𝑡 + 1) =
𝑋1
→ + 𝑋2

→ + 𝑋3
→

3
 (2.37) 

The exploration and exploitation of the grey wolf agents depend on the parameter 

A, by decreasing A half of the iterations are devoted to exploration (|A| ≥ 1). 

Meanwhile, when the (|A| < 1) the other half of the iterations are devoted to 

exploitation. The pseudo-code of the GWO (Algorithm 1) is presented in the following 

form: 

Algorithm 1: GWO pseudo-code 

Initialize the locations of the grey wolf population Xi (i = 1, 2, …, n 

Initialize a, A and C 

Calculate the objective function value for each grey wolf agent 

Set: Xα as best result of the search agents   

Xβ as the second best result of the search agents 

Xδ as the third best result of the search agents 

While (t < max number of iteration) the termination criterion is not satisfied 

do 

Initialize r1 and r2 values 

Update a by Equation (2.30) 

Update A by Equation (2.28) 

Update C by Equation (2.29) 
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For i  

For j 

Update the positions of each grey wolf agent by using Equations (2.31)– 

(2.37) 

End j 

End i 

Calculate the fitness of all agents with the new positions 

t = t + 1 

End while 

return Xα 

 

 The GWO Implementation of the Optimal Operation Management of the 

Microgrid 

In this research, a GWO is used to solve the operation management issues in the 

microgrid by finding the optimal values of the parameters that help to minimize the 

operational cost of the generation sources in the microgrid and fulfil all the constraints 

(2.13)– (2.25) in each step of the GWO algorithm. Figure 2-2 shows the flowchart of 

the grey wolf algorithm performance for operation management in the microgrid. 
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Figure 2-2. Flowchart of the grey wolf optimization algorithm used in the microgrid
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Check α, β and δ new positions with constraint 

limits (2.13) -(2.25) 

Are the constraint 

limits satisfied? 

Set the iteration number to iter=1 

Increase the iteration number by one 

Number of iteration 

exceeded 

Store the optimum cost of the GWO 

End 

Pdiff>0 Sg = 0  

Dmnd=dmnd+Sg 

Yes 

Yes 

Yes 

No 

No 

No 
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However, due to the limitations of the generation sources and the energy-

management constraints, the function handle (Algorithm 2) should be utilized as 

follows: 

Algorithm 2: Function handle 

For t = 1 to NT   do 

For m = 1 to NOA do 

Part 1: power balance and generation source capacity handling 

Calculate the power difference between the generation sources and load 

demand 

Pdiff = (P_MT,t u_MT,t + P_FC,t u_FC,t + P_PV,t + P_WT,t + P_BES,t u_BES,t + P_grid,) − 

PD,t; 

Select random generation sources based on their capacity  

While P_diff ≠ 0 do 

Subtract P_diffm,t from the selected units 

Check the capabilities of the generation units based on lower and upper limits 

as follows: 

If   Pm,FC,t < PFC,min   then  Pm,FC, = PFC,min;  

or  Pm,MT,t < PMT,min then Pm,MT,t = PMT,min; 

or  Pm,grid,t < Pgrid,min then Pm,grid,t = Pgrid,min; 

or Pm,BES,t < PBES,min then Pm,BES,t = PBES,min; 

Elseif  Pm,FC,t > PFC,max    then  Pm,FC, = PFC,max;  

or  Pm,MT,t > PMT,max  then Pm,MT,t = PMT,max; 

or  Pm,grid,t > Pgrid,max then  Pm,grid,t = Pgrid,max; 

or Pm,BES,t < PBES,max then  Pm,BES,t = PBES,max; 

End if 

Calculate P_diffm,t 

Select another generation units randomly 

End while 

Part 2: ORs handling 

Calculate objective function (ft) by using Equation (2.2) 

If  P_MT,t u_MT,t + P_FC,t u_FC,t + P_PV,t + P_WT,t + P_BES,t u_BES,t + P_grid,t < 

PD,t + ORt 

Then   ft = ft + Penalty_Factor ×(P_MT,t u_MT,t + P_FC,t u_FC,t + P_PV,t + P_WT,t + P_BES,t 

u_BES,t + P_grid,t – (PD,t + ORt)) 

End if  

End for m 

Calculate Equation (2.1) 

End for t 
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Since the OR’s constraints should be met, the penalty factor value considered in 

this paper is 10. The grey wolves’ numbers (search agents) and the iterations numbers 

are set. The population vector of the GWO can be represented as follows: 

𝑋 = [
𝑥1
1 ⋯ 𝑥𝑛

1

⋮ ⋱ ⋮
𝑥1
𝑝

⋯ 𝑥𝑛
𝑝
] (2.38) 

where n represents the control variable numbers or search agents’ positions. The 

population number (grey wolves) is represented by p. 

To minimize the operational cost in the microgrid, we employed a monitoring 

method for the microgrid operations to set the charging and discharging rules for 

storage devices that integrated with the grey wolf algorithm. The method is based on 

evaluating the economical price factor of the microgrid within 24 h. Therefore, the 

batteries’ decisions in the microgrid charge and discharge are based on the difference 

between the highest and lowest mean price of the utility market and the DGs within 24 

h. The grey wolf algorithm makes the charging decision by comparing the dispatch 

cost of the storage devices with other DGs such as gas and the dynamic generation 

price of the utility grid. 

Moreover, a switching mechanism is integrated with the GWO that controls the 

storage devices’ operation by comparing the instantaneous capacity of storage devices 

with its full practical capacity. A signal indicates when the battery capability goes 

below full-capacity status. This signal indicator will be considered under other price 

factors: 

A. The charging signal will be activated when the price of local distribution 

generators is below the mean value of the price of DGs or the utility market 

price. 

B. The discharging signal will activate to supply electrical power to loads of the 

microgrid when the battery-charging price is lesser than the other prices of the 

generation source. 

C. A standby signal is generated when the charging cost of storage devices is 

above the DG price, or when the storage devices have been charged with a 

higher price than other generation sources in a microgrid at the time of 

comparison. 
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The following equations illustrate the conditions of charging and discharging 

operations of the storage devices: 

𝐵𝐸𝑆𝑐ℎ,𝑡 = {

𝑃𝐵𝐸𝑆,𝑡 = 𝑃𝑔𝑟𝑖𝑑,𝑡                             𝑖𝑓 𝐵𝑃𝑔𝑟𝑖𝑑,𝑡  < 𝐵𝑃𝐷𝐺,𝑡
𝑃𝐵𝐸𝑆,𝑡 =  𝑃𝐷𝐺,𝑡                              𝑖𝑓 𝐵𝑃𝐺𝐷,𝑡  < 𝐵𝑃𝑔𝑟𝑖𝑑,𝑡

                 𝑃𝐵𝐸𝑆,𝑡 = 0                                   𝑖𝑓 𝐵𝑃𝐵𝐸𝑆,𝑡  > 𝐵𝑃𝑔𝑟𝑖𝑑,𝑡 𝑜𝑟 𝐵𝑃𝐷𝐺,𝑡

 (2.39) 

𝐵𝐸𝑆𝑑𝑖𝑠,𝑡 = {

   𝑃𝐷,𝑡 = 𝑃𝐵𝐸𝑆,𝑡 + 𝑃𝐷𝐺,𝑡                      𝑖𝑓 𝐵 (𝑃𝐵𝐸𝑆,𝑡 + 𝑃𝐺𝐷,𝑡) <  𝐵𝑃𝐷𝐺,𝑡

        𝑃𝐷,𝑡 = 𝑃𝐵𝐸𝑆,𝑡 + 𝑃𝑔𝑟𝑖𝑑,𝑡                     𝑖𝑓 𝐵 (𝑃𝐵𝐸𝑆,𝑡 + 𝑃𝑔𝑟𝑖𝑑,𝑡) <  𝐵𝑃𝑔𝑟𝑖𝑑,𝑡
  𝑃𝐵𝐸𝑆,𝑡 = 0                                        𝑖𝑓 𝐵𝑃𝐵𝐸𝑆,𝑡 > 𝐵𝑃𝑔𝑟𝑖𝑑,𝑡𝑜𝑟 𝐵𝑃𝐷𝐺,𝑡

 (2.40) 

The GWO will treat the battery devices as a source, load or standby source 

depending on the generated signals at the time of comparison, as shown in the 

equations below: 

𝑃𝑀𝑇,𝑡 𝑢𝑀𝑇,𝑡 + 𝑃𝐹𝐶,𝑡𝑢𝐹𝐶,𝑡 + 𝑃𝑃𝑉,𝑡 + 𝑃𝑊𝑇,𝑡 + 𝑃𝐵𝐸𝑆,𝑡𝑢𝐵𝐸𝑆,𝑡 + 𝑃𝑔𝑟𝑖𝑑,𝑡 = 𝑃𝐷,𝑡 (2.41) 

𝑃𝑀𝑇,𝑡 𝑢𝑀𝑇,𝑡 + 𝑃𝐹𝐶,𝑡𝑢𝐹𝐶,𝑡 + 𝑃𝑃𝑉,𝑡 + 𝑃𝑊𝑇,𝑡 + 𝑃𝑔𝑟𝑖𝑑,𝑡 = 𝑃𝐷,𝑡 + 𝑃𝐵𝐸𝑆,𝑡𝑢𝐵𝐸𝑆,𝑡 (2.42) 

𝑃𝑀𝑇,𝑡 𝑢𝑀𝑇,𝑡 + 𝑃𝐹𝐶,𝑡𝑢𝐹𝐶,𝑡 + 𝑃𝑃𝑉,𝑡 + 𝑃𝑊T,𝑡 + 𝑃𝑔𝑟𝑖𝑑,𝑡 = 𝑃𝐷,𝑡 (2.43) 

To validate the efficiency of the monitoring method with different capacities of 

the battery and to select the optimal size of the battery, the maximum capacity of the 

battery device is set as a control variable, and the minimum capacity set to 10% of the 

maximum capacity. This means that the optimization and the energy stored in the BES 

after determining the operation cost should be within the range [50 kWh–500 kWh]. 

The step size between the maximum and minimum capacity of the BES is 100 kWh in 

each step and the algorithm takes it gradually until the optimal size of the BES is 

reached. Figure 2-3 illustrates the sizing process for selecting the optimal size. 
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 Figure 2-3. Flowchart of sizing process 

 Numerical Results and Discussions 

The effectiveness of the developed grey wolf algorithm is demonstrated in this 

paper by utilizing it to solve different non-linear parameters and complex problems by 

considering the load dispatch issues in the microgrid. The proposed grey wolf 

algorithm is designed to work with any application as well as different profiles. 

Therefore, in order to access the validity and robustness of the algorithm, it is tested 

on a typical low-voltage microgrid system as depicted in Figure 2-4. The microgrid 

system has different generation sources such as MT, FC, PV, WT and a Li-ion battery 

energy system. In addition, the case study is assumed to have highly rated conductors, 

and therefore the thermal constraints will not be considered in the dispatch analysis. 

Yes 

No 

Yes 

Start 

Select a particular set of energy and 

power capacities of storage devices  

C_SDmin<C_SD<C_SDmax 

P_SDmin<P_SD<P_SDmax 

Determine battery power in (2.24) & 

(2.25) 

Determine battery capacity in (2.20) & 

(2.22) 

Evaluation (Fig. 2.2) 

End 

No 

Define domain:  

PSD_Max and PSD_Min  

CSD_Max and CSD_Min 
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Furthermore, the feeders supplying distributed loads from the generators have a 

relatively short distance which does not have a significant impact on the voltage profile 

(no reactive compensation is required), and hence the power losses are neglected in 

this study. All the coefficients and source limitations that are used in this paper are 

referred to [3]  

 

 Figure 2-4. A typical low-voltage microgrid system 

Figure 2-5 and Figure 2-6 show the forecasting output powers of WT and PV, 

respectively, both figures are scaled for 24 h [3]. 

 

 Figure 2-5. Forecasted power of wind turbine (WT) 

       Power              Communication  

Battery Storage Fuel Cell Micro-Turbine 

Utility Grid 

Load Demands 

Photovoltaic Cell Wind Turbine 

Control Room 

PCC 
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 Figure 2-6. Forecasting power of photovoltaic unit (PV). 

The load demand and real forecast utility price that are used to test GWO in the 

low-voltage network are shown in Figure 2-7 and Figure 2-8, respectively [3, 17]. 

 

 Figure 2-7. Forecasting load demand 
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Figure 2-8. Real utility market prices 

Several factors are considered in GWO to minimize the economic dispatch of 

the low-voltage network in this paper. For instance, the OR factor is set to 5% of the 

load demand for each time step, and the maintenance and fixed labour for BESS 

installation and operation are set to 465 (€ct/kWh) and 15 (€ct/kWh), respectively. The 

BESS LT and IR are set to 3 and 0.06, respectively; and tax is set to 10%. The charging 

and discharging efficiencies of BESS are both set to 90%. The maximum capacity of 

the BESS is set to 500 kWh, and the minimum capacity is fixed to 10% from the 

maximum capacity. The minimization cost in this study is performed for one day (24 

h). 

The algorithms are solved using MATLAB software (2017b) and tested on a 3.6 

GHz CUP and 16 GB RAM university computer. Accordingly, in order to verify the 

performance of the algorithm the GWO iteration is set to 1000, and the number of 

implemented search agents is set to 100. To study the performance of the GWO, the 

simulation results are compared with various methods such as GA, the bat algorithm 

(BA), PSO, and the improved bat algorithm (IBA) [3] and different scenarios are 

conducted also, as follows: 

Scenario A: The microgrid operates without BES. 

Scenario B: The microgrid’s BES does not have an initial value (uncharged). 

Scenario C: The microgrid’s BES has an initial value equal to its size (fully charged). 
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Scenario A 

Multiple sources are considered in the microgrid of this case study to compare the 

performance of the proposed algorithm with other algorithms like GA, PSO, BA and 

IBA. In this scenario, it is assumed that the microgrid does not have storage devices in 

its operation and all power should be provided from the DGs (renewable energy source 

(RES) and non-RES) and the utility grid to satisfy the load demand at any hour during 

the day. 

Based on the daily forecasting load demand curve and the maximum power 

output from renewable sources and non-renewable sources of this case study, we 

demonstrated the numerical outcomes of the optimal operation of generation sources 

under the microgrid circumstances in Figure 2-9 by using the grey wolf algorithm. 

GWO is a random method of probability patterns, thus the randomness in the results 

of the simulation are comprehensible. The load dispatch problem is determined in real-

time; hence, the program should approach the optimum solution over time. 

Figure 2-9 shows the best output power from the generation sources to satisfy the 

load demands during the day. Due to the absence of storage devices in this scenario 

that act as an ancillary service, the output power of the DGs and utility grid should be 

greater than the load demands to ensure the stability of the operation system as well as 

to show the need for purchasing the power from the utility grid for most of the day. 

Due to the lower bid of the FC source compared with another source (MT), the 

microgrid uses more power from FC than MT. The status of each DG and utility grid 

that is dispatched is in Table 2-1. 

 

 Figure 2-9. Optimal output of the generation sources obtained by GWO for Scenario A 
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Table 2-1. Corresponding status of the generation sources obtained by GWO for Scenario A 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-2 shows the optimal, average, and worst-cost solutions obtained from 

GWO compared with other algorithms, which emphasizes the robust performance of 

GWO. The agents in the GWO algorithm always update their positions according to 

alpha, beta and delta behavior. Thus, the GWO algorithm gives the best results and 

those results continue to improve with each iteration during the simulation. Due to 

that, the optimal dispatch cost of this scenario with the absence of the storage device 

is 813.6850 €ct, and the worst-solution dispatch cost of GWO in this scenario is 

significantly less than the best solution using other methods. Therefore, the grey wolf 

algorithm shows a significant reduction in cost compared with the GA, PSO, BA and IBA 

algorithms. The cost saving obtained by comparing the GWO operational cost with other 

methods is presented in Figure 2-10. 

Time (hour) MT FC PV WT Utility Grid 

1 0 1 0 1 1 

2 0 1 0 1 1 

3 0 1 0 1 1 

4 1 1 0 1 1 

5 1 1 0 1 1 

6 1 1 0 1 1 

7 1 1 0 1 1 

8 1 1 1 1 1 

9 1 1 1 1 1 

10 1 1 1 1 1 

11 1 1 1 1 0 

12 1 1 1 1 0 

13 1 1 1 1 0 

14 1 1 1 1 0 

15 1 1 1 1 1 

16 1 1 1 1 1 

17 1 1 1 1 1 

18 1 1 0 1 1 

19 1 1 0 1 1 

20 1 1 0 1 1 

21 1 1 0 1 1 

22 1 1 0 1 1 

23 1 1 0 1 1 

24 1 1 0 1 1 
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Figure 2-10. Cost saving of GWO compared with other algorithms in Scenario A 

Table 2-2. Demonstration of operation dispatch costs of the microgrid in Scenario A 

Scenario B 

In this scenario, the battery-storage devices are added to the microgrid system 

with the initial battery charge value set to zero. The battery-storage system is an 

essential source in the microgrid that helps to maintain system stability, enhance the 

power quality and mitigate the transit period of the microgrid between the grid-

connected mode and islanded mode. Furthermore, the difference between the peak and 

off-peak of the real market prices gives an opportunity to the BES to be economically 

beneficial by purchasing the power from the utility grid overnight (off-peak) and 

selling that power back to the utility grid during peak demand. 

All DGs, either renewable or traditional energy sources, should work to fulfil the 

load demands and operation constraints until the storage devices are charged and can 

contribute to a microgrid load demand based on how much it is charged in previous 

hours. The robustness of the proposed algorithm is apparent from its capability to 

satisfy all the constraints and create reliable results. Figure 2-11 demonstrates the 

numerical outputs of the MT, FC, PV, WT, BES and utility grid by utilizing the GWO. 

It is obvious from the figures that the first five hours from the day the BES is not 

utilized as a power supply for load demands, whereas for the rest of the day it is used 

as one of the microgrid-generation sources. Based on Figure 2-11 and the input data 

used, the variation in the market price of the utility grid gives the opportunity to the 

Methodology Best operation Cost 

(€ct) 

Mean Operation Cost 

(€ct) 

Worst Operation Cost 

(€ct) 

GA 1041.8376 1196.3251 1361.2437 

PSO 968.0190 1081.8351 1241.7459 

BA 933.8145 989.3718 106.9860 

IBA 825.8849 825.8849 825.8849 

GWO 813.6850 815.5231 816.8512 
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storage device to participate in minimizing the operational cost and to gain some 

benefits by selling the power back to the utility grid whenever the market price of 

power is high (peak load) and buying the power from the utility grid overnight due to 

the low price (off-peak). The status of each DG and utility grid dispatched is shown in 

Table 2-3. It is clear that the optimal size of BES in this scenario is 140 kWh. 

 

Figure 2-11. Optimal output of the generation sources obtained by GWO for Scenario B 

 Table 2-3. Corresponding status of the generation sources obtained by GWO for Scenario B. 

 Time (hour) MT FC PV WT BES Utility Grid 

1 1 1 0 1 1 1 

2 1 1 0 1 1 1 

3 1 1 0 1 1 1 

4 1 1 0 1 1 1 

5 1 1 0 1 1 1 

6 1 1 0 1 1 1 

7 1 1 0 1 1 1 

8 1 1 1 1 1 1 

9 1 1 1 1 1 1 

10 1 1 1 1 1 1 

11 1 1 1 1 1 1 

12 1 1 1 1 1 1 

13 1 1 1 1 1 1 

14 1 1 1 1 1 1 

15 1 1 1 1 1 1 

16 1 1 1 1 1 1 

17 1 1 1 1 1 1 

18 1 1 0 1 1 1 

19 1 1 0 1 1 1 

20 1 1 0 1 1 1 

21 1 1 0 1 1 1 

22 1 1 0 1 1 1 

23 1 1 0 1 1 1 

24 1 1 0 1 1 1 
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Table 2-4 shows the comparison of the operation cost of the microgrid optimal, 

average, and worst solutions obtained from GWO compared with other algorithms. 

From this table, it is clear that the significant performance of GWO in minimizing the 

microgrid dispatch cost to 445.3254 €ct is better than the dispatch cost in Scenario A 

due to the existing storage devices. The worst-solution dispatch cost of GWO in this 

scenario is significantly less than the other methods. Therefore, the GWO technique is 

remarkably more efficient than the other existing methods. The cost saving obtained 

by comparing the GWO outputs with other methods is presented in Figure 2-12. 

Table 2-4. Demonstration of operation dispatches cost of the microgrid (MG) of scenario B 

  

 

Figure 2-12. GWO cost saving compared with other algorithms in Scenario B 

Scenario C 

In this scenario, the initial value for a storage device is set to the maximum size 

capacity of the battery and utilized to complicate the system test and judge the 

effectiveness of the GWO method with non-linear constraints, and to show the 

feasibility of the proposed method for the dispatch cost and sizing BES. Figure 2-13 

shows the optimal outputs of the MT, FC, PV, WT, BES and utility grid by utilizing 

the GWO. It is clear that from the figure that the BES participates in satisfying the load 

demands during the day and minimizes purchasing power from the upstream power 

grid. The status of each DG and utility grid dispatched is in Table 2-5. 

Methodology Best Operation Cost 

(€ct) 

Mean Operation Cost 

(€ct) 

Worst operation Cost 

(€ct) 

GA 615.9034 623.4835 638.6436 

PSO 567.5185 575.1266 592.8787 

BA 520.2354 532.1278 550.6589 

IBA 497.0082 - - 

GWO 445.3254 450.6587 465.2154 
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 Figure 2-13. Optimal output of the generation sources obtained by GWO for Scenario C 

 Table 2-5. Corresponding status of the generation sources obtained by GWO for Scenario C 

 Time (hour) MT FC PV WT BES Utility Grid 

1 0 0 0 1 1 1 

2 0 0 0 1 1 1 

3 0 0 0 1 1 1 

4 0 0 0 1 1 1 

5 0 0 0 1 1 1 

6 1 1 0 1 1 1 

7 1 1 0 1 1 1 

8 1 1 1 1 1 1 

9 1 1 1 1 1 1 

10 1 1 1 1 1 1 

11 1 1 1 1 1 1 

12 1 1 1 1 1 1 

13 1 1 1 1 1 1 

14 1 1 1 1 1 1 

15 1 1 1 1 1 1 

16 1 1 1 1 1 1 

17 1 1 1 1 1 1 

18 1 1 0 1 1 1 

19 1 1 0 1 1 1 

20 1 1 0 1 1 1 

21 1 1 0 1 1 1 

22 1 1 0 1 1 1 

23 0 1 0 1 1 1 

24 0 0 0 1 1 1 
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Table 2-6 shows the optimal dispatch cost obtained by the proposed GWO 

method. The simulation results clearly prove that GWO creates feasible solutions. The 

statistical results from that simulation are compared with other methods, namely, GA, 

BA, PSO and IBA [3]. Considering this scenario with optimal BES size (220 kWh), 

the dispatch cost by the GWO with BES fully charged is the best (297.5429 €ct) among 

other algorithms. However, the best cost of the other algorithms is IBA (424.1339 €ct), 

which is significantly higher than the worst cost of the GWO, as illustrated in Table 

2-6.  

Table 2-6. Demonstration of operation dispatches cost of the microgrid (MG) of scenario C 

  

The economic cost saving achieved by this scenario is notably higher than that of 

Scenarios A and B when the initial value of the BES is fully charged, which helps to 

minimize importing power from the utility grid and at the same time cut down relying on 

the MT and FC, as presented in Figure 2-14. 

 

Figure 2-14. GWO cost saving compared with other algorithms in Scenario C 

 The crucial role of the storage devices in minimizing the cost in the microgrid, 

balancing the operation during the transit period, and identifying the solidity of the 

proposed grey wolf algorithm can clearly be seen in all scenarios compared with the 

other algorithms. In addition, the charging and discharging techniques of the storage 

devices played a crucial role in minimizing the total operation cost of the microgrid as 

shown by the numerical results of the analysis in the scenarios. 

Methodology Best Operation Cost 

(€ct) 

Mean Operation Cost 

(€ct) 

Worst Operation Cost 

(€ct) 

GA 499.0665 506.4029 523.5212 

PSO 459.8236 466.6086 485.2675 

BA 436.7845 446.3267 456.2547 

IBA 424.1339 - - 

GWO 297.5429 299.3274 312.8742 
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 Conclusions 

In this paper an intelligent energy-management method and a new algorithm 

named GWO is proposed to solve the load dispatch problems based on finding the 

optimal size of the microgrid sources. The GWO method satisfies the load demands 

and constraints in the microgrid based on the smart use of storage devices among other 

sources in the network. Different scenarios are employed to illustrate the GWO’s 

applicability. GWO shows a superior performance with storage device charging and 

discharging techniques by reducing the dispatch cost of the microgrid operation in all 

scenarios. The storage device technique operates based on tracking the local generation 

cost of the microgrid and the total cost of the storage device. Charging prices are 

generated to increase the chance of charging the battery with low prices and increase 

the opportunity of having cheaper microgrid operation cost during the storage device’s 

lifetime. 

The numerical results are tested with other existing methods, namely, GA, BA, 

PSO and IBA, to validate GWO performance. The GWO algorithm shows superior 

results over other algorithms, considering robustness, minimum computational efforts, 

and aversion of premature convergence. Furthermore, the simulation results show that 

smart utilization of the BES by GWO helped to minimize the operational costs by 

33.185%. Moreover, the proposed method helped to cut down the amount of the 

imported power from the utility grid, and at the same time reduce dependency on fossil 

fuel (MT and FC) which has a significant impact on the operational cost reduction in 

all the microgrid scenarios. GWO outperforms other competing methods in battery 

sizing and energy management in microgrids and, therefore, it has a significant 

potential to be implemented in a wide range of microgrids in the future. 
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Chapter 3:  Multi-objective Intelligent Energy 

Management Optimization for Grid-Connected 

Microgrids 

As detailed and demonstrated in Chapter 2, uncertainties in regard to both the RES as 

well as the costs of fossil fuels in the effort to minimise operation costs in grid-

connected microgrids, can be managed through the use of the proposed meta-heuristic 

method. This chapter demonstrates the advantages of utilizing an artificially intelligent 

technique, along with meta- heuristic methods. A novel methodology which integrates 

an expert system Fuzzy Logic - Grey Wolf Optimization (FL-GWO) in the 

determination of the optimal size of the BESS, and optimization of the energy 

management in the grid-connected microgrids has been presented in this chapter. 

Different scenarios have been conducted, and the numerical results compared with 

other optimization methods. This chapter has been published in “IEEE Xplore”. The 

citation for the research article is: 

K. S. EI-Bidairi, H. D. Nguyen, S. Jayasinghe, and T. S. Mahmoud, "Multiobjective 

Intelligent Energy Management Optimization for Grid-Connected Microgrids," in 

2018 IEEE International Conference on Environment and Electrical Engineering and 

2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC/I&CPS 

Europe), 2018, pp. 1-6. 
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 Abstract 

In the rapid growing of the green energy technology, microgrid systems with 

renewable energy sources (RESs) such as solar, wind and fuel cells are becoming a 

prevalent and efficient way to control and manage these renewable sources. Moreover, 

owing to the intermittency and the frequent irregular responses of the RESs, battery 

energy storages have become an integral part of microgrids. In such complex systems, 

optimal use of RESs heavily depend on the energy management strategy used. Besides, 

the reduction of conventional fuel utilization and the resultant drop in the emissions 

also depend on the energy management strategy. This paper presents a novel expert 

system Fuzzy Logic - Grey Wolf Optimization (FL-GWO) based intelligent meta-

heuristic method for battery sizing and energy management in grid-connected 

microgrids. The proposed method is tested on different scenarios, and the simulation 

results are compared with other existing approaches methods such as GA, PSO, BA, 

IBA and GWO. The simulation results show a significant improvement with the 

proposed method in terms of satisfying the demands and to minimizing the operating 

costs of the microgrid compared to other existing methods.   

Keywords: Energy storage sizing; Fuzzy logic; Energy management systems; 

Economic load dispatch; Grey Wolf Optimization; Microgrid 
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 Introduction 

With the continued growth in various types of generation sources and loads 

flexible power systems, economic dispatch scenarios, energy saving and 

environmental concerns have become challenges and areas of continued research and 

developments. Consequently, power system architectures are currently being 

transformed from conventional centralized systems to distributed generation systems 

having clusters of microgrids. A microgrid can be independent of upstream grids 

(islanded mode) relying on its local sources or connected to the conventional utility 

grid (grid-connected). This arrangement gives the flexibility to incorporate renewable 

energy sources such as solar, wind and fuel cells in a simpler way compared to 

traditional systems [5, 46]. Therefore, microgrids regardless to the form, have 

succeeded in minimizing the CO2 emissions and reducing the energy cost [47-49]. 

Nevertheless, because of the fluctuations and intermittency of the renewable energy 

resources, the implementation of the storage devices have become essential in 

microgrids [50-52].  

These storage devices have the capability to inject an auxiliary power to the 

microgrids whenever there is a deficiency in the power supply or store the excess 

power from the RESs during off-peak load demands. This indicates that higher the 

capacity of energy storage, better the utilization of RESs and availability of power at 

any given time. However, excessive battery size will lead to increase the cost, whereas, 

a very small battery capacity leads to insufficient power that causes instabilities or 

increases the cost of conventional fuel usage. Therefore, finding the optimum capacity 

or size of the storage system is an important aspect that pays careful attention when 

designing a microgrid. In addition, the generation plan is another important aspect of 

microgrid which should take load profiles, environmental conditions and fuel 

economics into account to ensure reliable, efficient and cost-effective operation of the 

microgrid.  

Conventional optimization methods such as linear programming is not capable 

of solving such multi-objective complex systems or produce sub-optimal results. This 

makes the requirement for developing intelligent multi-objective optimization 

methods that are capable of finding the optimum solution for given loading profiles, 

environmental conditions and operating costs subjected to various constraints of the 

microgrid. Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Bat 

Algorithm (BA), Improved Bat Algorithm (IBA) and conventional GWO are such 
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methods proposed recently. These methods have generally improved the optimization 

in microgrids. Nevertheless, each of these methods has their own advantages and 

limitations as well [53]. Taking those advantages and limitations into account, this 

paper proposes a novel optimization method for grid-connected microgrids which 

combines an expert Fuzzy Logic system and an intelligent meta-heuristic algorithm 

named Grey Wolf Optimization (GWO). The proposed method is referred to as FL-

GWO throughout the paper. 

The proposed method incorporates an explicit cost minimization criterion 

applied to the generation sources and in turn minimize the reliance on the fossil fuel 

sources to cut down the emission levels. The proposed method is formulated to seek 

the most economical and low emission option in the microgrid. Hence, the main 

objectives of this study are to reduce the operating costs of the microgrid system by 

considering the optimal capacity of the battery devices and reduce the consumption of 

fossil fuel. The major contributions of the paper can be presented as follow: (1) 

proposing FL-GWO artificial intelligent method; (2) determining the optimum size of 

the storage system and power generation schedule; (3) determining the participation 

of the storage system in the energy market and its economic benefits. 

 Microgrid Economic Dispatch 

3.3.1 Microgrid Structure 

To assess the efficiency and robustness of the proposed FL-GWO method, a 

typical low voltage microgrid has been chosen for this study. The low voltage 

microgrid has multiple generation sources such as Micro-Turbines (MTs), 

Photovoltaics (PVs), Fuel Cells (FCs), Wind Turbines (WTs) and Battery Energy 

Storage (BES) depicted in Figure 3-1 The specifications of generation units can be 

found in [17, 43]. 
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 Figure 3-1. A typical low voltage grid-connected microgrid 

 Problem Formulation 

Determining the economic dispatch of microgrids is a crucial aspect of the 

energy management. Therefore, this study aims to minimize the operating costs and 

reduce the fossil fuel consumption of the microgrid by taking into account the 

microgrid constraints. Hence, calculating the related generation costs of the grid is 

essential which are formulated as follows [17, 43]: 

The objective function F(X) is formulated by summing up the total operational 

costs of the generation units, the total operation and maintenance costs of the system 

T

t DG BES

t=1

MinF(x)= f +OM +TCPD  (3.1) 

ft= Costgrid,t + CostDG,t + CostBES,t + SUCFC,t + SUCMT,t + SDCFC,t + SDCMT,t 
(3.2) 

grid,t grid,t grid,t

grid,t grid,t grid,t grid,t

grid,t

B P if P >0

Cost (1-tax)B P if P <0

0 if P =0


 

=  
 

 

 
(3.3) 

CostDG,t=BMT,t PMT,t uMT,t + BFC,t PFC,t uFC,t + BPV,t PPV,t +  BWT,t PWT,t (3.4) 

CostBES=(FCBES+MCBES) × CBES (3.5) 

SUCMT,t=SUMT,t × max (0,uMT,t-uMT,t-1) (3.6) 

SUCFC,t=SUFC,t × max (0,uFC,t-uFC,t-1) (3.7) 

SDCMT,t=SDMT,t × max (0, uMT,t-1-uMT,t) (3.8) 

SDCMT,t=SDMT,t × max (0, uMT,t-1-uMT,t) (3.9) 

OMsources,t=(OMMT+OMPV+OMWT+OMFC) × T (3.10) 

           Power                         Communication  

Battery Storage Fuel Cell Micro-Turbine 

Utility Grid 

Load Demands 

Photovoltaic Cell Wind Turbine 

Control Room 

PCC 
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(OMsources,t) and the total cost per day of the battery energy storage system (TCPDBES). 

To find the operating costs (ft) of the microgrid, it is important to calculate the related 

costs of the generation units first and then the related cost of BES and finally the start-

up/shut-down cost of the MT and FC as expressed in (3.2). Furthermore, to calculate 

the operating cost of the generator units, it is important to take into account the status 

of the generator (On/Off) which is denoted as “u” in formulated equations. The 

equations (3.3)-(3.9) express the formula for each cost components in (3.2), whereas 

the operation and maintenance costs for the units are formulated in (3.10).   

The cost of BES is calculated by taking into account one-time fixed cost (FCBES) 

and the annual maintenance cost of the battery (MCBES). These expenses are 

proportional to the battery capacity as expressed in (3.5). Hence, formulating the 

TCPDBES is calculated in this study by considering both the Interest Rate (IR) of the 

financing arrangement and the lifetime (LT) of BES. The TCPDBES considered in this 

paper in €ct/day and expressed as follows [3]. 

3.4.1 Constraints 

The sizing and economic index problems of the microgrid are subjected to a 

certain of constraints that including supply-demand balance, generation unit 

boundaries, Operating Reserve (OR) constraints and the BES constraints. These 

constraints are addressed as below. 

a) Electrical Load Demands Balance 

The power of the generation units such as PMT, PFC, PPV, PWT and PBES should 

always cope with the load demand (PD,t) of the microgrid as shown below: 

PMT,t uMT,t + PPV,t uPV,t + PWT,t uWT,t + PFC,t uFC,t + PBES,t uBES,t+ Pgrid,t = PD,t (3.12) 

b) Boundaries of Generation Units Constraints 

The power output of the generating sources should be always within the allowable 

limits that based on the sources characteristics as shown below: 

PMT,min≤ PMT,t≤ PMT,max (3.13) 

PPV,min≤ PPV,t≤PPV,max (3.14) 

PWT,min≤PWT,t≤PWT,max (3.15) 

PFC,min≤PFC,t≤PFC,max (3.16) 

LT
BES,max

BES BES BESLT
TCPD

C IR(1+IR)
= ×FC +MC

3 (1+IR) -1

 
  
 

 (3.11)
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PBES,min≤PBES,t≤PBES,max (3.17) 

Pgrid,min≤Pgrid,t≤Pgrid,max (3.18) 

c) Operating Reserve Constraints 

Because of the Renewable Energy Sources (RESs) uncertainties and unforeseen 

fluctuation of the load demands, the operating reserve needs to be injected to the 

microgrid within minutes to avoid system deterioration. In this paper, the OR assumed 

to be injected to the grid within less than 8 minutes as expressed below: 

 FL-GWO Method Implementation on Microgrid 

In this study, the combination of an intelligent expert system fuzzy logic and a 

developed meta-heuristic algorithm Grey Wolf Optimizer have been proposed to solve 

the economic and environment optimization problems of the microgrid. Taking the 

uncertainties of RES and fluctuation in the power demand into account, the expert 

system fuzzy logic system provides BES decisions namely: charging, discharging and 

standby.  The microgrid variables such as the state of charge of the battery (SOCbattery), 

diesel price (DP) and the difference power (Pdiff) between the generation side and load 

demands are also taken as inputs to the fuzzification process of the fuzzy logic. In 

addition, a monitoring technique has been utilized with the fuzzy system to evaluate 

the inputs parameters for controlling the BES output power taking into account the 

economic aspect of the GWO optimization problem. 

In addition, three fuzzy membership functions used for DP and Pdiff companied with 

linguistic names SMALL (S), MEDIUM (M) and LARGE (L). Whereas, five 

membership function used for SOCbattery and the fuzzy output. The linguistic of 

SOCbattery membership functions named as follows: VERY SMALL (VS), SMALL (S), 

MEDIUM (M), LARGE (L) and VERY LARGE (VL). On the other hand, the output 

linguistic named as follows: CHARGE (C), LARGE CHARGE (LG), STANDBY 

(SB), DISCHARGE (D) and LARGE DISCHARGE (LD). Table 3-1 shows 

membership functions as well as the rules of the expert fuzzy system. After evaluating 

the crisp inputs of the fuzzy logic membership functions, the fuzzified inputs forward 

to the interface engine to determine the fuzzy outputs based on the fuzzy rules that 

stored in the knowledge base. The centre of the mass-weighted method has been used 

in this paper to assess the multiple rules of the expert fuzzy system. Eventually, after 

PMT,Max udg,t + PPV,t uPV,t + PWT,t uWT,t + PFC uFC,t + PBES,MaxuBES,t+  Pgrid,t  ≥ PD,t + OR,t 
(3.19) 
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determining the fuzzy inputs and evaluate them with fuzzy rules, the fuzzy outputs 

forward to the multi-objectives GWO algorithm as shown in Figure 3-2. 

Table 3-1. The expert system fuzzy rules for BES 

SOCbattery 

 

DP 

Pdiff 

S M L 

VS 

S LC LC LC 

M LC LC C 

L LC C SB 

S 

S LC LC LC 

M LC C C 

L C C D 

M 
S LC LC C 

M LC C D 

L C D LD 

L 

S LC D D 

M C D LD 

L C LD LD 

VL 

S C D LD 

M C LD LD 

L SB LD LD 

 

 

Figure 3-2. Energy management structure based on FL-GWO 

Grey wolf optimization is consider one of the new meta-heuristic algorithms that 

has the ability to deal with many complicated optimization problems such as nonlinear, 

non-differentiable and multi-peak complex problems as well as it is the ability to 

balance between the global and local search space [12, 54]. The behaviours of GWO 

can be expressed mathematically as the alpha (α) wolf position represents the best 

solution of the optimization problem, while beta (β) and delta (δ) are the second and 
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third best answers of the algorithm, respectively, whereas, the remaining potential 

optimization answers represent by Omega (ω). The hunting in the GWO algorithm is 

directed by α, β, and δ which can be express by the following questions: 

D=|C.XP(t)-X(t)| (3.20) 

X(t+1)=XP(t)-A.D (3.21) 

A=2a.r1-a (3.22) 

C=2.r2 (3.23) 

 (3.24) 

Where “A” and “D” are the vector coefficients, “Xp” is the location vector of the prey, 

“t” is represent the iteration, and “X” is represent the location vector of the agent. The 

“a” values change linearly from (2-0) during the algorithm iteration. The value of “r1” 

and “r2” are random values between (0, 1), and the updating process of GWO can be 

express in the following equations:  

DAlpha=|C1.XAlpha-X| (3.25) 

DBeta=|C2.XBeta-X| (3.26) 

DDelta=|C3.XDelta-X| (3.27) 

X1=|XAlpha-A1.DAlpha| (3.28) 

X2=|XBeta-A1.DBeta| (3.29) 

X3=|XDelta-A1.DDelta| (3.30) 

 (3.31) 

The GWO algorithm used to deal with the unit commitment (UC), economic 

dispatch (ED) problem and environment issues of the microgrid based on assessing the 

economic cost factor of the microgrid during 24 hours. The full process is repeated from 

the initializing step until right sources are allocated for a certain number of iterations 

based on the case study objectives as shown in Figure 3-3. In addition, in order to test 

the performance of the monitoring technique with a wide range of battery capacities, 

the maximum battery capacity is considered as a control variable in this study, while 

the minimum battery capacity is set to 10% of the maximum capacity. In other words, 

the energy stored in the battery devices should be with the specified range [40 - 440] 

kWh. The battery range changes with step size equal to 100 kWh during the simulation. 

Figure 3-4 demonstrates the procedures for selecting the optimal size of the battery. 

2
a=2 t

maximum iteration
− 

1 2 3X +X +X
X (t+1)=

3

→ → →
→
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Figure 3-3. Flowchart of monitoring method and GWO algorithm used in the microgrid 
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 Figure 3-4. Flowchart of the proposed sizing method 

 Results and Discussions 

The robustness of the proposed FL-GWO is validated in this study by using it to 

deal with many nonlinear parameters and complex cases by taking into account the 

microgrid load dispatch problems. Hence, the numerical results are compared with 

existing approaches such as GA, BA, PSO, IBA and conventional GWO. Furthermore, 

many factors are taken in the proposed FL-GWO method to cut down the operating 

costs of the microgrid in this paper. For example, the operating reserve is considered 

4% of the microgrid demands of each time step, while the maintenance and fix labour 

of the battery devices installation and operation are set to 465 (€ct/kWh) and 15 

(€ct/kWh), respectively [3]. The lifetime and the interest rate of the BES are set to 3 

and 0.06, respectively; whereas, the tax is set to 11%. The BES efficiency of charging 

and discharging in both is 90%. On the other hand, different scenarios have been used 

in this paper to verify the proposed FL-GWO method. In the first scenario, the 

microgrid operates without battery storage devices, whereas, in scenario two, the initial 

values of the battery devices set to zero (uncharged). In the third scenario, the initial 

value of the battery devices set to full capacity (fully charged). 
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In the first scenario, it is assumed that the microgrid does not have a BES as a 

part of its local generation sources. Therefore, all the power should be provided from 

local generation sources and utility grid to satisfy the load demands. Due to that, the 

output power of the DGs and utility grid should be greater than the load demands to 

ensure the stability of the operation system. Furthermore, if the local generation powers 

are not enough to satisfy the load, the microgrid purchases the remaining power from 

the utility grid to cope the deficiency of the power supply. It is obvious from Figure 3-5 

that the microgrid uses the fuel cell more than other sources during the day to satisfy 

the load demands, due to the low bid of the fuel cell compared with other sources which 

has a significant influence on minimizing the operating costs of the microgrid. Table 

3-2 shows the optimal, average, and worst cost solutions obtained from the first 

scenario. The FL-GWO does not implement in this scenario due to the absence of the 

BES. 

 

Figure 3-5. Optimal output of the generation sources of scenario one 

 Table 3-2. Operation dispatch costs of scenario one 

Methodology 
Best 

operation 

cost (€ct) 

Mean 

operation 

cost (€ct) 

Worst 

operation 

cost (€ct) 

GA 1041.8376 1196.3251 1361.2437 

PSO 968.0190 1081.8351 1241.7459 

BA 933.8145 989.3718 106.9860 

IBA 825.8849 825.8849 825.8849 

GWO 813.6850 815.5231 816.8512 

FL-GWO - - - 

On the other hand, the storage devices have been added as a part of the local 

generation sources of the microgrid in scenario two. In this scenario, the initial value of 

the BES has been set to zero, therefore, all the distribution generators (RESs and non-
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RESs) and utility grid should work to fulfil the load's requirements until the BES 

charged and able to contribute to the microgrid load demands. Figure 3-6 demonstrates 

the generation sources of the microgrid as well as the utility grid by using FL-GWO of 

scenario two. It is clear from Figure 3-6 that the first five hours of the day the BES is 

not utilized to supply power to the load demands, whereas, during the rest of the day 

BES is used to satisfy the loads. It is clear to note from Figure 3.6 that the optimal size 

of BES in this scenario is 240 kWh. 

In addition, due to the variation of the power markets, the BES plays a significant 

role in minimizing the operational costs by participating in the power market. The BES 

charging from the upstream grid during the off-peak when the power is cheaper than 

the microgrid generation sources. In turn, the BES selling the power back to the utility 

grid during the peak load with a high price compared to the price that charged. Table 

3-3 shows the comparison of the proposed FL-GWO method with other existing 

approaches. As it is clear from Table 3-3 that the remarkable smart utilization influence 

of the FL-GWO on the BES for minimizing the operating costs of the microgrid to 

(441.9650 €ct) compared with other algorithms. The worst solution dispatch cost of FL-

GWO of this scenario is significantly better than the best solution for other methods. 

 

Figure 3-6. Optimal output of the generation sources of scenario two 
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 Table 3-3. Operation dispatch costs of scenario two 

Methodology 
Best 

operation 

cost (€ct) 

Mean 

operation 

cost (€ct) 

Worst 

operation 

cost (€ct) 

GA 615.9034 623.4835 638.6436 

PSO 567.5185 575.1266 592.8787 

BA 520.2354 532.1278 550.6589 

IBA 497.0082 - - 

GWO 445.3254 450.6587 465.2154 

FL-GWO 441.9650 446. 2730 450.2825 

In scenario three, the initial value of the BES is set to the maximum size capacity 

of the battery and used to complicate the system test and judge the reliability of FL-

GWO method with nonlinear constraints. Figure 3-7 demonstrates the optimal outputs 

of the generation sources and the utility grid by using the FL-GWO. It is clear from 

Figure 3-7 that the significant role of the BES for satisfying the load demands during 

the day and minimizing the amount of the purchasing power from the utility grid by 

taking into account the optimal size of the BES is 140 kWh. Table 3-4 illustrates the 

operational costs of the microgrid of scenario three. 

 

Figure 3-7. Optimal output of the generation sources of scenario three 

 Table 3-4. Operation dispatch costs of scenario two 

Methodology 
Best 

operation 

cost (€ct) 

Mean 

operation 

cost (€ct) 

Worst 

operation 

cost (€ct) 

GA 499.0665 506.4029 523.5212 

PSO 459.8236 466.6086 485.2675 

BA 436.7845 446.3267 456.2547 

IBA 424.1339 - - 

GWO 297.5429 299.3274 312.8742 

FL-GWO 292. 6850 295. 3041 299.2538 
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  Conclusion 

An intelligent energy management method which is based on a developed method 

named FL-GWO is proposed to solve the load dispatch problem in microgrids by 

finding the optimal size of the BES and optimum generation plan. The BES operated 

based on tracking the local generation costs of the microgrid and the total costs of the 

BES which increase the possibility of charging the BES at low costs during off-peak 

times. Different scenarios are considered to test the efficiency of the proposed energy 

management method. Furthermore, the numerical results are validated by comparing 

them with other competing methods such as GA, BA, IBA, PSO and GWO. Eventually, 

the proposed method showed a significant contribution towards minimizing the 

operational costs of the microgrid in all scenarios compared to other methods. 

  



Page | 55  

 

Chapter 4:  A Hybrid Energy Management and Battery 

Size Optimization for Standalone Microgrids: A Case 

Study for Flinders Island, Australia 

The capability of the proposed approaches in order to manage microgrid issues 

whilst in grid-connected mode have been explored in the latter Chapters 2 and 3. In 

situations where microgrids can be seen as working independently from the utility 

grids, need for intelligent solutions arises due to an increased number of issues. The 

forthcoming chapter presents an intelligent method for islanded microgrids which 

considers the unit commitment issues, the energy management operations, as well 

as BESS size. This chapter has been published in the “Energy Conversion and 

Management”. The citation for the research article is: 

K. S. El-Bidairi, H. D. Nguyen, S. Jayasinghe, T. S. Mahmoud, and I. Penesis, "A 

hybrid energy management and battery size optimization for standalone microgrids: 

A case study for Flinders Island, Australia," Energy Conversion and Management, 

vol. 175, pp. 192-212, 2018. 
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 Abstract 

Microgrids are increasingly being used as a platform to integrate distributed 

generation such as renewable energy sources and (RESs) conventional sources in 

both grid-connected and isolated power systems. Due to the inherent intermittent 

nature of RESs, energy storage systems (ESSs) that can absorb fluctuations have 

become inevitable. Nevertheless, large capacities of ESSs increase the initial cost 

while small capacities lead to instabilities and increase in the cost of conventional 

fuels. Therefore, finding the optimal size of the ESS for a given application is 

essential for the reliable, efficient and economical operation of a microgrid. Once 

the battery size is decided, maintaining its energy at appropriate levels is essential 

to ensure stable and safe operation of the microgrid. This paper presents a novel 

expert Fuzzy System - Grey Wolf Optimization (FL-GWO) based intelligent meta-

heuristic method for battery sizing and energy management. The proposed energy 

management operation is carried out by a Grey Wolf Optimizer (GWO) that is 

helped to set the membership functions and rules of the fuzzy logic expert system. 

The unit commitment (UC) issue, which is essential for the proper operation of the 

isolated microgrid, has been additionally considered in this paper. To verify the 

performance of the proposed method, results are compared with the rules-based 

method and traditional GWO algorithm. It has been proven from the results that the 

FL-GWO has a significant convergence property and capability to minimize the 

Levelized Cost of Electricity (LCOE) by 14.13% and 24.15% compared with 

conventional GWO algorithm and rules-based method, respectively. The weather 

conditions for different climates is used to verify the performance of the intelligent 

energy management method under different operating scenarios. The results show 

that the intelligent online multi-objective energy management strategy is capable of 

managing a smooth power flow with the same optimal configuration in the isolated 

microgrid, minimising the fossil fuel utilization and reducing the CO2 emission 

level. 

Keywords:    Energy management; Energy storage sizing; Fuzzy expert system; 

Grey Wolf Optimizer; Microgrids; Tidal energy 
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 Introduction 

Alternative energy sources such as wind, biomass, solar, hydro have are 

increasingly being used especially in rural areas and remote islands owing to their 

availability, scalability, reliability, higher power quality, higher flexibility, less cost 

and less ecological impacts [55-57]. However, with the high penetration of these 

DGs into the power grid, their inherent drawbacks such as intermittency and 

resultant power quality issues become prominent. Microgrids have recently 

emerged as a platform to solve these issues locally and thereby achieve reliable 

supply of electrical power [58-62].   

Microgrids are small networks that work as a cluster of loads and micro-

sources operating as a single controllable network that produces and distribute 

power in remote areas such as villages, industrial complexes or even in remote 

islands [63, 64]. Microgrids have the ability to be grid-connected, where the system 

is able to connect to the conventional upstream grid or it can be a standalone system 

when there is no possibility of connecting to a power grid. Microgrid has many 

advantages over the conventional power system as they are scalable, do not require 

large capital investments, generally less ecological problems compared to 

traditional generation systems and can be customised to suit community needs [63, 

65, 66]. 

However, the constraints of the power generated by renewable sources bring 

significant challenges to the microgrid especially on the stability and power quality.  

Therefore, energy storage has been identified as a promising solution to overcome 

those issues and enhance the system security and flexibility [13]. During the high 

availability periods, ESSs can be utilized to store the surplus of power and release 

stored energy when there is a power shortage in the grid. In addition, due to the 

real-time pricing of the electrical market, the ESS can take the advantage of 

participating in the market by purchasing the energy from the upstream grid during 

the off-peak hours and sell it back to the upstream grid during the peak demand 

hours. Furthermore, storage devices in microgrids could provide ancillary services 

to the grid as well to enhance the power quality [67-69].  

Microgrids with DGs and ESSs form are a complex system that requires an 

intelligent optimization to operate at best possible conditions. The two significant 

aspects that should be taken into account in these optimization exercises are UC 

and ED [70]. The UC problem involves determining the start-up and shut-down 
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schedules of the generator units to satisfy the load demands, which is a complex 

optimization problem with both integer and continuous variables. Once the UC 

problem is solved, the ED problem starts searching for the optimal power outputs 

from the local generation sources or utility grid based on the microgrids structures.   

Therefore, there is a strong need for more intelligent technologies to deal with 

the optimal scheduling operations of DGs and ESS sizing in microgrids by 

considering UC and ED. Artificial intelligent technologies are broadly used in 

power system optimization due to their robustness and their ability to deal with 

complex problems. In contrast, traditional techniques are not capable of solving 

optimization problems in the hybrid power systems mainly due to incomplete 

information as well as the multiple conflicts in the objectives. In such environments, 

artificial intelligence techniques such as neural networks, fuzzy logic and bio-

inspired algorithms can be used due to their inherent nonlinear mapping, simplicity 

and powerful search capability [1]. 

Consequently, a significant challenge appeared in designing the microgrid 

that related to select the optimum size of the ESS and optimum energy management 

scheduling. The conventional generation scheduling schemes typically rely on the 

accuracy of the demand forecastings methods used, which is hard to apply for 

microgrids due to the small-scale demands and intermittencies of the renewable 

energy resources. On top of that, real-time pricing of diesel fuel for remote 

microgrids is another uncertainty dimension to the scheduling problem. Therefore, 

due to aforementioned challenges leave the issue open to design robust and cost-

effective solutions for microgrids based on selecting the optimum ESSs size and 

optimum energy management scheme.  

4.2.1 Related Work 

This section presents a review of the relevant optimization approaches 

reported in the literature and discusses state-of-the-art optimization methods that 

deal with optimal scheduling operations of DGs and ESS sizing in MGs. Many 

scientific works have been proposed by researchers to deal with the energy 

management problems [70-80] in microgrids. Muhammad Khalid et al. [81] 

proposed a dynamic programming for controlling the setting up of the battery 

energy storage system with the aim of reducing the overall cost of purchasing power 

from different energy producers including the renewable energy generations within 

the microgrid. Zhengmao Li and Yan Xu [82] have presented a mixed integer 
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programming approach to coordinate the energy dispatch for controllable 

generation units such as (fuel cell, electric boiler, heater and power plant and 

electric chiller), as well as uncontrollable generation units like renewable sources. 

The proposed study aims to cut down the microgrid operation costs and enhance 

the dispatch flexibility in supplying power, heat and cooling in the day-ahead 

energy market. 

In [83] the optimal discharging scheme of the ESSs problem in microgrids 

was studied by applying hyper heuristic algorithms. The study used the 

evolutionary algorithm as a global approach for reducing buying the power from 

the utility grid. Quanyuan Jiang et al [84] used double layer coordinated control 

method for managing the energy in microgrids by considering the economic 

operation scheme based on forecasting data. In the aforementioned studies [81-84] 

the optimal energy management problem conducted by considering two modes 

(grid-connected mode and islanded mode). 

On the other hand, due to the inadequate coverage of utility grid in isolated 

areas makes the microgrids to operate permanently in the islanded mode, which 

needs sophisticated requirements for real-time energy stability compared to grid-

connected microgrids. In general, the sources with a significant reliable power 

supply ability (e.g. diesel generators) commonly operate as the main unit to control 

the system voltage, frequency and balance the power generation [85, 86]. Due to 

that, many types of research have been conducted in this field. M. Ross et al. [87] 

purposed a knowledge-based system controller to schedule the isolated microgrid 

sources (wind, diesel and ESS) an hour ahead to minimize the diesel generators 

utilization as well as the fuel consumptions. E. Barklund et al [88] utilized energy 

management droop-control for remote microgrid to adjust the generator outputs that 

influence the fuel consumption to cut down the operating cost as well as ensure the 

system stability. A predictive control-based technique for non-single objective 

optimization problem was studied with aims to minimizing the fuel cost and the 

costs associated with low battery life [89]. Furthermore, some researchers have 

developed methods for energy management strategies which consider renewable 

energy sources as main contributors in remote microgrids by taking into account 

the lifetime of storage devices [90-93]. 

 



Page | 60  

 

In addition, there are several studies that have taken the ESS sizing as one of 

the problems in microgrids, besides the energy management problems. Yi Luo et al 

[94] both the energy storage sizing and energy management were studies to achieve 

the reliability requirement and bi-level control strategy of the isolated microgrid. 

The optimal size of the energy storage system is conducted by genetic algorithm 

and sequential simulation. Whereas, an analytical approach that deals with the 

optimal sizing of energy storage systems in DC networks to improve the efficiency 

of the network was proposed in [95]. Juan P. et al [36] proposed a method to find 

the optimum energy and power capacities of storage devices in microgrids by using 

a genetic algorithm based on a fuzzy expert system which is responsible for sitting 

the suitable power for the storage devices. In [96] the author proposed a bi-objective 

optimization method to find the optimal size of ESS in a microgrid in the presence 

of demand response program. The bi-objective modelled by using a Ɛ-constraint 

model based on a fuzzy satisfying technique to minimize the total investment cost 

and operation cost. Furthermore, photovoltaic systems with limited battery storage 

capacities have been studied to satisfy the non-controllable load demand in the off-

grid system in [97]. The author used the fuzzy logic system to secure the system 

autonomy by directing the system components switches. 

However, many of these methodologies showed powerless performances in 

different problem sets due to local exploration at the mature phase of the 

optimization and global search at an early phase of the evolutionary operation. On 

the other hand, some algorithms have perfect global search abilities, but their local 

exploration capability is limited. Because of that, more robustness algorithms are 

required to achieve premature concurrence and accelerated exploration process. In 

this study, the sizing problem is decomposed into an energy management problem. 

The energy management strategy is formulated as a unit commitment problem, in 

the form of a mixed integer problem. The GWO (Grey Wolf Optimizer) and fuzzy 

expert system are used to achieve the optimal operation strategy and select the 

optimal ESS size by taking into account several factors, such as load profile and it 

is seasonal variability, diesel price, carbon emissions, fuel consumption and 

corresponding taxes. This approach significantly decreases the numbers of decision 

variables and enables carrying out the optimization with the non-linear system, 

especially the uncertainties of renewable sources or the sudden changes in load 

demands. 
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4.2.2 Main Contributions 

This paper goes beyond the state-of-the-art optimization approaches in 

microgrids studies by presenting a novel cooperative multi-objective method to 

minimize the dependency on the fossil fuel, minimize the fuel consumption, 

minimize the greenhouse gas emission levels and finally maximize the utilization 

of renewable energy sources in standalone microgrids.   

The energy management strategy applied in this paper is based on the GWO 

algorithm and fuzzy logic expert system. The fuzzy expert system is used to set the 

power output of the battery energy storage, whereas, the energy management 

strategy is carried out based on the GWO which is used to build an adequate 

knowledge base for the fuzzy logic system. Finally, a real case study from Australia 

was analysed in order to verify the effectiveness of the proposed method. 

The main contributions of this study are summarized as below:  

1. Designing a multi-objective optimization technique for standalone 

microgrids which selects the optimal capacity of the storage devices with 

minimal operation cost; 

2. Determining the optimal power generation scheduling for standalone 

microgrids that aiming to enhance the system performance in both the 

renewable energy penetration level and economic aspects. Furthermore, 

minimise the utilization of diesel generators and minimise the CO2 emission 

levels;  

3. Introduced an intelligent meta-heuristic methodology (FL-GWO) and 

compare its performance with other existing methods such as rules-based 

method and conventional GWO algorithm; 

4. Numerical results generated from a real case study data have evaluated the 

impacts of different parameters on the operation of the microgrid and 

provided insights onto the development of investment policies for 

standalone microgrids in Australia. It is also shown that the proposed energy 

generation scheduling strategy with the optimal ESS size achieved 

considerable cost savings, minimized the dependence on the diesel genera 

tors, minimized the greenhouse gases emissions, cut down the fuel 

consumption and reduced the system expenditure. 
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The rest of the paper is organized as follows. Section 4.2 presents the system 

configuration load profiles of the microgrid of the Flinders Island in Australia, 

which is the microgrid considered in this study. The standalone microgrid 

components are modelled in Section 4.3. Optimization problem formulation and 

optimization constraints are formulated in Section 4.4. The Grey Wolf algorithm 

and the expert fuzzy system are explained with their mathematical models in 

Section 4.5. Section 4.6 demonstrates the implementation of the proposed FL-GWO 

algorithm in the Flinders Island microgrid case study. The numerical results and 

data analysis are presented in Section 4.7. Finally, the conclusions drawn from this 

study are summarized in Section 4.8. 

 Flinders Island Microgrid Project 

Flinders Island is one of the largest islands in the Furneaux group, placed in 

the Bass Strait between the Northern tip of Tasmania and Melbourne in Australia. 

Figure 4-1 shows the location of the island and generation sources of the island 

considered in the case study. Flinders Island considers one of the most iconic places 

in Australia that attracts over 4,000 tourists each year, and swelling the permanent 

island population around 800 persons, primarily during the summer months. In 

addition, Flinders Island is the core of many essential rural industries in Australia 

such as agriculture (beef, sheep and wool, wallaby, horticulture and wine), fishing 

(including crayfish and abalone) and tourism ventures [98, 99]. 

The Island primarily rely on diesel generators for satisfying the load demand, 

where the operating costs increase due to the high price of diesel fuel in remote 

areas and increasing demand for electricity. Over the time, the increasing demand 

will result in increased operational costs, maintenance and new infrastructure 

developments. Aiming to improve the quality of life in the island and tap into the 

renewable energy sources available in the island (solar, wind, wave and tidal), the 

Flinders microgrid project was established [98]. As the wave energy conversion is 

not mature enough in the Flinders Island compared to wind, tidal and solar energy 

systems[98], it is not considered in this study.  
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Figure 4-1. Location of the Flinders Island and available generation sources 

4.3.1 System Configuration 

The Flinders Island microgrid is subjected to work in the off-grid mode due to the 

difficulties in connecting it to the power grid in the main island of Tasmania. The 

microgrid powered by diesel generators, renewable energy sources (PV and wind 

generators), and battery bank (Lithium-ion) as depicted in Figure 4-2 [98]. 

Furthermore, Photos of the actual system and devices are shown in Figure 4-3. 

 

Figure 4-2. Structure of the Flinders Island microgrid 
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Figure 4-3. Photos of the energy sources and control system of the Flinders Island microgrid 

The primary sources of the Flinders island power station are the diesel 

generators with the capacities listed in Table 1. All the devices are combined 

together to an AC bus through appropriate power conversion systems (power 

electronic converters), the voltage of the AC distribution bus is 11kV and the system 

frequency is 50 Hz. The peak load of Flinders Island is up to 1.024 MW. Flinders 

Island is located in an area where strong winds available most of the time and thus 

wind generation systems have been installed since 1988. The total installed capacity 

of wind turbines achieved 1.2 MW in 2012. Photovoltaic panels also play an 

important role with the total capacity of 175 kW. Table 4.1 illustrates the current 

generation sources in the island.  In addition, it is noted that an excellent source of 

tidal energy surrounds the island and thus tidal generator is considered as another 

source that could be utilized in the Flinders microgrid as shown in Figure 4-4.  

 Table 4-1. Generation sources in the Flinders Island microgrid 

Source Manufacturer Type Power rate 

(kW) 

Wind Turbine 1 Enercon AERO E-30 300 

Wind Turbine 2 Enercon AERO E-44 900 

Diesel Generator 1 Caterpillar - 728 

Diesel Generator 2 Caterpillar - 728 

Diesel Generator 3 Caterpillar - 360 

Diesel Generator 4 Caterpillar - 1200 

Battery Toshiba Lithium-ion 500 

Solar Panels  - 175 

 

Wind Turbine Diesel Generator Solar Panels 

Battery Storage Control System 
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Figure 4-4. Proposed system configuration of the Flinders Island microgrid 

4.3.2 Load and Weather Profiles 

In this study, the proposed method has been tested on real load demand and 

price data with a time step of 30 minutes for each profile. The year 2012 considered 

as a reference for the considered data. The required data were collected from 

different companies and institutes in Australia such as Hydro Tasmania, Australian 

Government Bureau of Meteorology and Australian Institute of Petroleum. 

The real load profile of the Flinders Island, provided by Hydro-Tasmania, is 

shown in Figure 4-5 [100]. According to the load profile, the maximum load 

reported throughout the year is about 1.024 MW and the minimum load is 55 kW. 

Therefore, there could be situations where there is a surplus or shortage of energy, 

which is one of the concerns of the Flinders island microgrid. The wind speed 

profile obtained from the Australian Government Bureau of Meteorology is shown 

in Figure 4-6 [101] which shows that more than 80% of the time wind speed is 

between 8 and 25 m/s, which is within the range of the cut-in/cut-out speed of the 

utilized wind turbines.  
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 Figure 4-5. Load profile of the Flinders Island 

 

Figure 4-6. Wind speed profile of Flinders Island 

In marine conditions, tidal current speed is extremely sensitive and vary with 

the chosen location. Therefore, in this paper, the tidal current speed profile, which 

corresponds to the location where the highest tidal power density is present in 

Australia, located in Banks Strait near the Flinders Island. The tidal current speed 

profile has been obtained from a study conducted by the Australian Maritime 

College (AMC) [102]. Figure 4-7 shows the probability of the tidal current speed 

in Banks Strait for one year [102]. Figure 4-8 depicts the solar irradiance during the 

year on the island. The solar irradiance profile is obtained from the Australian 

Government Bureau of Meteorology [101]. Table 4-2 illustrates the renewable 

energy resources and load demand specifications. 
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Figure 4-7. Tidal current profile of the most energetic site in Banks Strait  [102] 

 

Figure 4-8. Solar irradiance on Flinders Island 

Table 4-2. Renewable energy resources and load demand specifications 

Renewable Energy Resources 

and Load Demand 

Minimum 

Value 

Mean  

Value 

Maximum 

Value 

Load demand 55 kW 422.85 kW 1024 kW 

Wind speed 0 (m/s) 24.84 (m/s) 78 (m/s) 

Tidal current  0 (m/s) 1.54 (m/s) 4.42 (m/s) 

Solar irradiance  0 (kW/m2) 0.18(kW/m2) 1.21 (kW/m2) 
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 Mathematical Modelling of the Microgrid Subsystems 

The standalone microgrid configuration of this study is briefly described in 

Figure 4-2 and Figure 4-4. It contains PV systems, wind turbines and tidal turbines 

as renewable generation sources. Whereas, diesel generators as the conventional 

generation source and the battery storage system (Lithium-ion battery) is used to 

store the surplus of power and discharge when there is a deficit.   

4.4.1 Photovoltaic Power Model 

The output power of PV fluctuates as it is mostly influenced by weather 

conditions, particularly the solar irradiance and temperature. The output power of 

PV can be estimated as below [74, 103-105]: 

𝑃𝑃𝑉(𝑡) = 𝐶𝑃𝑉 ×
𝑆(𝑡)

𝑆𝑆𝑇𝐷
× ƞ𝑙𝑜𝑠𝑠(𝑡) × ƞ𝐷𝐶/𝐷𝐶

𝑃𝑉  (4.1) 

where PPV(t), CPV(t) are the PV output power (kW) and PV rated power (kW), 

respectively, S(t) and SSTD are the real solar irradiance at the tilted surface of PV 

panels (kW/m2) and the standard solar irradiance (1kW/m2), respectively, whereas, 

ȠPV
DC/DC is the efficiency of the DC/DC converter. Ƞloss is the efficiency standing 

for the loss due to temperature increase: 

ƞ𝑙𝑜𝑠𝑠(𝑡) = 1 − 𝜆(𝑇𝑐𝑒𝑙𝑙(𝑡) − 25) (4.2) 

𝑇𝑐𝑒𝑙𝑙(𝑡) = 𝑇𝑎(𝑡) −
𝑆(𝑡)

0.8
× (𝑇𝑁𝑂𝐶𝑇 − 20) (4.3) 

where λ stands for the temperature coefficient (0.00485/ºC), Tcell(t), Ta(t) and TNOCT 

are the temperature of the PV cell, the ambient temperature (ºC) and the nominal 

operating cello temperature (45 ºC), respectively. 

4.4.2 Wind Turbine Model 

The mechanical power (Pmech) captured by the wind turbine can be expressed 

as in (4.4) [17, 106, 107]. 

𝑃𝑚𝑒𝑐ℎ(𝑡) =
1

2
× 𝜌 × 𝐶𝑃 × 𝑣

3 × 𝜋 × 𝑟2 (4.4) 
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where CP is the power coefficient of the wind turbine (in this study we assumed it 

as 0.45), r is the radius of wind turbine blades, ⍴ is the air density (1.225kg/m3), 

and v is the wind speed. A wind power generation can be considered as a function 

of wind speed as illustrated in Figure 4-9. A piece-vice linear function can be used 

to express the relationship between the electrical output power of wind turbine and 

wind speed as shown in (4.5) [17, 108].  

𝑃𝑊(𝑡) =

{
 
 

 
 
0               ; 𝑣 ≤ 𝑣𝑐  𝑜𝑟 𝑣 ≥  𝑣𝑓

𝑃𝑟 × 
𝑣𝑘 − 𝑣𝑐

𝑘

𝑣𝑟
𝑘 − 𝑣𝑐

𝑘 ; 𝑣𝑐 ≤ 𝑣 ≤ 𝑣𝑟

𝑃                          ; 𝑣𝑟 ≤ 𝑣 ≤ 𝑣𝑓

 

(4.5) 

Where Pr is the rated electrical power, and Vc, Vr are the cut-in wind speed and rated 

wind speed, respectively, and Vf is the cut-off wind speed. In this study, the Enercon 

E-44 and E-30 wind turbines are used and the specifications are summarized from 

[109] and tabled in Table 4-3.  

The height of the wind turbine hub tower is an essential factor that influences the 

power generated, as well as the total cost of the wind turbine. Therefore, in order to 

adjust the measured wind speed to the hub height, eq. (4.6) is used.  

𝑣(𝑡) = 𝑣𝑟(𝑡) × (
ℎ

ℎ𝑟
) × 𝛾 

(4.6) 

where Vr is the wind speed at the desired height (h). the Vr is the wind speed 

measured at specific locations, and γ is a constant factor depends on the roughness 

of the land [110]. 

 

 Figure 4-9. Wind turbine characteristic curve 
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Table 4-3. Wind turbines parameters 

Wind 

Turbine 

type 

Cut-

in 

wind 

speed 

(m/s) 

Rated 

wind 

speed 

(m/s) 

Cut- out 

wind 

speed 

(m/s) 

Survival 

wind 

speed 

(m/s) 

Rotor 

Diameter 

 

(m) 

No. of 

blades 

Max. 

rotor 

speed 

(U/min) 

Swept 

area  

 

(m2) 

Tower 

hub 

height 

 

(m) 

E-44 3  16.5  34 59.5  44 m 3 34 1521m2 55 

E-30 2.5  13.5 25 70 29.6 3 48 876 50 

 

4.4.3 Tidal Current Turbine Model 

Tidal energy plays a crucial role in the sustainable energy industry. Tidal 

energy systems convert the kinetic energy of tidal currents into electrical power 

using TCTs (Tidal Current Turbines). Tidal speed is inconsistent due to the 

movement of the moon and the sun, which they pull the water at sea in different 

directions. In turn that leads to creating two types of tides: spring tide and neap 

tides. The spring tide occurs when the moon and the sun are on the same line [111, 

112], whereas, the neap tide happens when the moon and the sun are at right angles 

from each other as illustrated in Figure 4-10 [113]. The speed of the spring tide 

varies from 3.5 to 4m/s in comparison with the speed of the neap tide which varies 

from 2 to 2.5m/s.   

 

Figure 4-10. Gravitational influence of the moon and the sun on earth [113] 

The tidal current speed is a function of the spring tide speed, neap tide speed 

and tides coefficient (Cs). Therefore, with those coefficients tidal current speed can 

be mathematically represented as in (4.7) [113, 114]:  



Page | 71  

 

𝑣𝑡𝑖𝑑𝑒(𝑡) = 𝑣𝑛(𝑡) +
(𝐶𝑠 − 45) + (𝑣𝑠(𝑡) − 𝑣𝑛(𝑡))

95 − 45
 (4.7) 

where Vn(t) is the neap tide current, Cs is a constant factor and equals to 95 for 

spring tides and 45 for neap tides and Vs(t) is spring tide speed. 

The mathematical model of the TCT has the same dependence of the 

mathematical model of the wind turbine. The output power of the TCT system 

denoted by Ptid as expressed in equation (4.8) [114-117]. 

𝑃𝑡𝑖𝑑(𝑡) =
1

2
× 𝜌 × 𝐶𝑃 × 𝑣𝑡𝑖𝑑𝑒(𝑡)

3 × 𝜋 × 𝑟2 × 𝑁𝑡𝑖𝑑 (4.8) 

where Ntid is the total number of TCTs, ⍴ is the water density (1000kg/m3), r is the 

TCT radius, and CP is the power coefficient of TCT, we assume it 48%. In this 

study, we used SeaGen tidal turbine, the parameters of SeaGen turbine are 

summarized from [118, 119], and tabulated in Table 4-4. Figure 4-11 demonstrates 

the relationship between the tidal current speed and the electrical output of the TCT. 

Table 4-4. Tidal current turbine parameters 

Cut-in 

tidal 

current 

speed 

Rated 

wind 

speed 

Cut- out 

tidal 

current 

speed 

Rotor 

Diameter 

No. of 

blades 

No. of 

turbine 

Swept 

area  

m2 

crossbeam 

column 

height 

0.8 m/s 2.5 m/s 5m/s 16 m 2 2 402.12m2 27m 

 

 

Figure 4-11. SeaGen’s power curve against current speed [119] 
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4.4.4 Diesel Generator Model 

Diesel generators are considered as the primary source that regulate the 

voltage and frequency in standalone microgrids. The power generation of diesel 

generators depends on two factors parallelly, named: the generator status (on/off) 

and the load factor. By considering the real power rating of the generator (Pdgn), the 

output power can be expressed as follows: 

𝑃𝑑𝑔,𝑖
𝑡 = 𝑢𝑖

𝑡 × 𝑟𝑔,𝑖
𝑡 × 𝑃𝑑𝑔𝑛,𝑖 (4.9) 

where Pt
dg is the output power of dg. ui  represents the status of the generator 

(on/off). rt
g,i  is the load factor which is representing the output power of the diesel 

generator (Pdg,i) on its real power rating (Pdgn,i). In addition, the minimum time for 

on/off of the generator is extremely important and should be considered. Once the 

generator is turned from the ‘on’ status to the ‘off’ status, it has to remain under the 

Off-status for some period before it gets back to the ‘on’ status. The constraint of 

the minimum time requirements for the diesel generator to be off-line before it 

connects to the network can be express below: 

𝑡2 − 𝑡1 ≥ 𝑇𝑑𝑔𝑚 (4.10) 

where t1 and t2 are the consecutive start-up times of the generator, and Tdgm is the 

minimum period required for on/off. On the other hand, shutting down the dg from 

‘on’ state follows the same rules. During the operation of the diesel generators, the 

generators might be ramped up or down depending on the load demand. The ramp 

between two consecutive time steps (∆rg,i) is given by (4.11). 

∆𝑟𝑔,𝑖
𝑡 = 𝑟𝑔,𝑖

𝑡 − 𝑟𝑔,𝑖
𝑡−1 (4.11) 

4.4.5 Energy Storage Model 

There are several types of energy storage systems that can be used to support 

standalone microgrids such as solid-state batteries, flow batteries, flywheels, 

pumped hydro systems, compressed air systems etc [120]. In this study, Lithium-

ion batteries are used as the energy storage element. Lithium-ion batteries have 

many outstanding features compared to other types of storage devices [13]. The 

lithium-ion battery has the high energy and power density as well as the high round-

trip efficiency. Furthermore, the lithium-ion batteries have long cycle life which 
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leads to a significant influence on the replacement and maintenance costs of the 

energy storage system [121]. The charging and discharging decision of the battery 

is controlled based on several parameters such as the shortage percentage of the 

power generation, the load demands and the SOC of the battery. The charging and 

discharging expressions can be illustrated as follows: 

Discharging mode: 

 
(4.12) 

Charging mode 

 
(4.13) 

where ƞc and ƞd are charging and discharging efficiency of the battery, respectively.  

∆t is the time interval set for 30 minutes. T is the operation time horizon (h). 

 Problem Formulation 

With the addition of tidal energy, the total power generated from renewable 

energy sources could exceed the demand at certain times. Similarly, due to the 

inherent drawback of intermittency of these sources the total generated power could 

even drop to zero. A possible solution to obtain the supply-demand balance when 

there is a surplus of power is to operate renewable source(s) at non-optimal 

conditions. Nevertheless, it defeats the primary objective of capturing maximum 

possible power from renewable sources. Therefore, storing the surplus in the battery 

energy storage system is the best solution. On the other hand, when there is a deficit 

of power, DGs, battery or both should supply the balance. In both scenarios, the 

battery should not charge or discharge to extremes, which should be ensured by 

having a large battery pack. Nevertheless, the cost increases with the battery size 

and thus an optimum size should be chosen. In addition, the use of DGs should be 

minimized to reduce the fuel cost and emissions. Therefore, sharing the load among 

the sources and managing the stored energy of the battery in an optimal manner are 

essential requirements for the successful operation of the microgrid. 
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Owing to the complex nature of the system and the presence of several 

objectives to be optimized, conventional optimization techniques found to 

inadequate for the microgrid considered in this study. Therefore, this study focuses 

on developing an online intelligent multi-objective energy management and robust 

battery sizing method for this microgrid. The developed method can be extended 

for other microgrids as well. The methodology conducted in this study is based on 

the expert system of fuzzy logic and GWO algorithm (FL-GWO). 

4.5.1 Carbon Dioxide Emission (CO2) 

The CO2 emission in a standalone microgrid is a consequence of burning 

fuel in the diesel generators. In other words, CO2 emission levels are linked to the 

fuel consumption in diesel generators. Therefore, this paper will discuss both parts 

of the fuel consumption and the CO2 emission in the microgrid. The fuel 

consumption of diesel generators can be expressed as a linear function of the output 

power as shown below [26, 122]: 

𝐹𝑑𝑔,𝑖 = 𝐵𝑑𝑔,𝑖(𝑃𝑑𝑔,𝑖) + 𝐴𝑑𝑔,𝑖 (4.14) 

Where Fdg(t) is the fuel consumption in gal/h, Prated
dg and Pdg are the rated power 

and output power of the diesel generator in kW, respectively. Bdg and Adg are the 

coefficients of the fuel consumption curve. In this paper, 0.246 gal/kWh and 

0.08145 gal/kWh are set for Adg and Bdg, respectively. 

In order to calculate the amount of CO2 emission accurately, it is essential 

to know the rate of fuel consumption of diesel generators. Typically, for each gallon 

of diesel fuel, there are 2,778 grams of pure carbon, and each gram of atomic carbon 

forms 3.666 grams of CO2 when the carbon oxidized with oxygen. In other words, 

each molecule of CO2 weighs 3.66 times more than an atom of carbon alone. As a 

result, each gallon of diesel fuel generates on average 10,084 g of CO2 which is 

equivalent to 22.2 lb. Therefore, the CO2 emission can be formulated as follows: 

 
(4.15) 
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4.5.2 Economic Index 

The levelized cost of electricity (LCOE), which contains the cost of system 

configuration and operation, is chosen as the objective function for the economic 

index optimization problem. The LCOE is determined by adding up the components 

cost that is fixed to their specific size as well as the fuel price (diesel). The objective 

function of this paper formulated as follows [13, 17]: 

𝐿𝐶𝑂𝐸 =∑𝑐𝑜𝑠𝑡𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑡 + 𝑂𝑀𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑡 + 𝑇𝐶𝑃𝐷𝐵𝐸𝑆,𝑡

𝑇

𝑡=1

 (4.16) 

where  

𝑐𝑜𝑠𝑡𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑡 = 𝑐𝑜𝑠𝑡𝑑𝑔,𝑡 + 𝑐𝑜𝑠𝑡𝐵𝐸𝑆,𝑡 + 𝑆𝑈𝐶𝑑𝑔,𝑡 + 𝑆𝐷𝐶𝑑𝑔,𝑡 (4.17) 

where  

𝑐𝑜𝑠𝑡𝑑𝑔,𝑡 = 𝑃𝑑𝑔,𝑡 × 𝐵𝑑𝑔,𝑡 × 𝑢𝑑𝑔,𝑡 (4.18) 

𝑐𝑜𝑠𝑡𝐵𝐸𝑆,𝑡 = 𝑃𝐵𝐸𝑆,𝑡 × 𝐵𝐵𝐸𝑆,𝑡 × 𝑢𝐵𝐸𝑆,𝑡 (4.19) 

𝑆𝑈𝐶𝑑𝑔,𝑡 = 𝑆𝑈𝑑𝑔,𝑡 ×max (0, 𝑢𝑑𝑔,𝑡 − 𝑢𝑑𝑔,𝑡−1) (4.20) 

𝑆𝐷𝐶𝑑𝑔,𝑡 = 𝑆𝐷𝑑𝑔,𝑡 ×max (0, 𝑢𝑑𝑔,𝑡−1 − 𝑢𝑑𝑔,𝑡) (4.21) 

𝑂𝑀𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑡 = (𝑂𝑀𝑑𝑔,𝑡 +𝑂𝑀𝑃𝑉,𝑡 + 𝑂𝑀𝑊𝑇,𝑡 + 𝑂𝑀𝑇𝐶𝑇,𝑡) × 𝑇 (4.22) 

The LCOE is formulated by summing up the total operational costs of the 

generation units, the total operation and maintenance costs of the system and the 

total cost per day of BES (TCPDBES). To find the operational cost (costsources,t) of 

the microgrid, it is important to calculate the operational cost of the diesel generator 

units first, then the operational cost of BES and finally the start-up/shut-down cost 

of diesel generator as expressed in (4.17). The equations (4.18) - (4.21) express the 

formula for each cost components in (4.17), whereas, the operation and 

maintenance costs for the units are formulated in (4.22).  
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The periodic cost of BES is determined by considering the one-time fixed 

cost (FCBES) and the annual maintenance cost of the battery (MCBES); these costs 

are proportional to the battery capacity as expressed in (4.23).  Hence, formulating 

the TCPDBES is determined in this study by considering both the interest rate (IR) 

of the financing installation and the lifetime (LT) of BES. The TCPDBES considered 

in this paper in $ct/day and expressed in (4.24) [13]: 

𝑐𝑜𝑠𝑡𝐵𝐸𝑆 = (𝐹𝐶𝐵𝐸𝑆 +𝑀𝐶𝐵𝐸𝑆) × 𝐶𝐵𝐸𝑆 (4.23) 

𝑇𝐶𝑃𝐷𝐵𝐸𝑆 =
𝐶𝐵𝐸𝑆,𝑚𝑎𝑥

3
(
𝐼𝑅(1 + 𝐼𝑅)𝐿𝑇

(1 + 𝐼𝑅)𝐿𝑇 − 1
𝐹𝐶𝐵𝐸𝑆 +𝑀𝐶𝐵𝐸𝑆) (4.24) 

4.5.3 Optimization Constraints 

The sizing and economic index problems in the standalone microgrid are 

subjected to a number of constraints including supply-demand balance, generation 

unit boundaries, operating reserve (OR) constraints and the BES constraints. These 

constraints are explained in detail below. 

4.5.3.1 Balance of Electrical Load Demands 

The power of the generation units (PV, WT, TCT, diesel generator and BES) should 

always satisfy the load demands (PD,t) in the microgrids as shown below: 

𝑃𝑑𝑔,𝑡𝑢𝑑𝑔,𝑡 + 𝑃𝑃𝑉,𝑡𝑢𝑃𝑉,𝑡 + 𝑃𝑊𝑇,𝑡𝑢𝑊𝑇,𝑡 + 𝑃𝑇𝐶𝑇,𝑡𝑢𝑇𝐶𝑇,𝑡 + 𝑃𝐵𝐸𝑆,𝑡𝑢𝐵𝐸𝑆,𝑡 = 𝑃𝐷,𝑡 (4.25) 

4.5.3.2 Boundaries of DGs Constraints 

The power output of each unit should be within the maximum and minimum 

limits, which shown as follows: 

𝑃𝑑𝑔,𝑀𝑖𝑛 ≤ 𝑃𝑑𝑔,𝑡 ≤ 𝑃𝑑𝑔,𝑀𝑎𝑥 (4.26) 

𝑃𝑃𝑉,𝑀𝑖𝑛 ≤ 𝑃𝑃𝑉,𝑡 ≤ 𝑃𝑃𝑉,𝑀𝑎𝑥 (4.27) 

𝑃𝑊𝑇,𝑀𝑖𝑛 ≤ 𝑃𝑊𝑇,𝑡 ≤ 𝑃𝑊𝑇,𝑀𝑎𝑥 (4.28) 

𝑃𝑇𝐶𝑇,𝑀𝑖𝑛 ≤ 𝑃𝑇𝐶𝑇,𝑡 ≤ 𝑃𝑇𝐶𝑇,𝑀𝑎𝑥 (4.29) 

𝑃𝐵𝐸𝑆,𝑀𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆,𝑡 ≤ 𝑃𝐵𝐸𝑆,𝑀𝑎𝑥 (4.30) 
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4.5.3.3 Operating Reserve Constraints 

The operating reserve (OR) is defined as a fraction of the highest generation 

capacity of all online DGs. Due to uncertainties of renewable sources (PV, WT and 

TCT) and the sudden changing in load demands, the reserve power has to be 

pumped to the grid within minutes to avoid system collapsing. In this study, we 

assumed the reserve power can be injected into the grid in less than 10 minutes. The 

OR constraints expressed below as:     

𝑃𝑑𝑔,𝑀𝑎𝑥𝑢𝑑𝑔,𝑡 + 𝑃𝑃𝑉,𝑡𝑢𝑃𝑉,𝑡 + 𝑃𝑊𝑇,𝑡𝑢𝑊𝑇,𝑡 + 𝑃𝑇𝐶𝑇,𝑡𝑢𝑇𝐶𝑇,𝑡

+ 𝑃𝐵𝐸𝑆,𝑀𝑎𝑥𝑢𝐵𝐸𝑆,𝑡 ≥ 𝑃𝐷,𝑡 + 𝑂𝑅𝑡 
(4.31) 

 The Proposed FL-GWO Algorithm 

The optimal size of BES and the energy generation scheduling are set as the 

objectives of the proposed algorithm. As the outputs of the algorithm, optimal daily 

usage of diesel and associated cost of the generation scheduling are returned, which 

is combined with the right size of BES. 

4.6.1 Fuzzy Logic Expert System 

Because of the non-linearity of load demands and uncertainties of the 

renewable energy sources, a fuzzy logic expert system is used to decide battery 

charging and discharging rates. Moreover, the fuzzy logic expert system provides 

two other advantages, namely simplicity and robustness for controlling non-linear 

systems. Furthermore, since the BES scheduling is part of the optimal energy 

management strategy, knowing when the BES should be charging and discharging 

is crucial in this work. Therefore, to solve such a problem a fuzzy logic expert 

system is designed which is able to take the decision of charging or discharging and 

at what appropriate power rates of the BES, based on the input parameters of the 

system. 

The whole process should take into account the constraints related to the safe 

operation of the units as well as the system as a whole and the objective functions 

of minimizing the overall operational cost and CO2 emission. Such objectives 

cannot be achieved by using deterministic analysis or a linear programming because 

of the sizable scenario combinations and their stochastic nature. Therefore, this 

study uses the fuzzy logic expert system for the standalone microgrid and BES 
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management along with the multi-objective grey wolf optimization. In fact, the 

fuzzy logic theory can be useful for decision making due to its ability to define 

human reasoning that can handle complex problems and microgrid uncertainties.  

The traditional binary logic-based methods expatiate the decision making 

related to the battery management depending on parameters that can only have one 

of two states, i.e., “true” or “false” which can be presented by 1 or 0.The expert 

fuzzy system uses connotations such as “partially true”, “partially false”, 

“completely true” or “completely false”. Such flexibility provides more tolerant 

decision-making process, which is capable of adapting to the situations and evolve 

to take extra consideration of the potential uncertainties regarding to the input 

variables. Therefore, such an approach can be easily extended to fit the plug and 

play application concept in standalone microgrids, irrespective of the generation 

rating and the components structure. The expert fuzzy system consists of three part: 

fuzzification, inference engine and defuzzification. 

In the fuzzification process, input variables are divided into predefined sets. 

The proposed method uses three input variables, namely: battery state of charge 

(SOCBattery), diesel price (DP), and the difference of power (Pdiff) which represents 

the difference between the generated power and the load demands. Three fuzzy sets 

are defined for DP and Pdiff and associated with linguistic values named SMALL 

(S), MEDIUM (M) and LARGE (L). On the other hand, the battery state of charge 

(SOCBattery) is divided into five sets, namely: VERY SMALL (VS), SMALL (S), 

MEDIUM (M), LARGE (L) and VERY LARGE (VL). The battery output of the 

expert fuzzy system is the charge/discharge rate or standby, which is included five 

sets. The linguistic values of the battery output are named as follows CHARGE (C), 

LARGE CHARGE (LC), STANDBY (SB), DISCHARGE (D), and LARGE 

DISCHARGE (LD). All the parameters related to the fuzzy system outputs and 

inputs membership functions are tabled in Table 4-5. 

As shown in Figure 4-12, the triangular membership function is used to 

represent the fuzzy sets. Ai represents either an input or output parameters. Mij 

representing the membership function associated with the jth fuzzy set of Ai, 

whereas, Mi is the number of fuzzy sets used to characterize Ai. Cij represents the 

point where Mij attains its maximum value, but eij and dij determine its base. 
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Table 4-5. The expert system fuzzy rules for BES 

  

Pdiff 

       

SOCBattery DP S M L 

VS 
S LC LC LC 

 
M LC LC C 

 
L LC C SB 

S 
S LC LC LC 

 
M LC C C 

 
L C C D 

M 
S LC LC C 

 
M LC C D 

 
L C D  LD 

L 
S LC D D 

 
M C D LD 

 
L C LD  LD 

VL 
S C D LD 

 
M C LD LD 

 
L SB LD  LD 

 

 

Figure 4-12. Expert fuzzy system membership functions 

 After determining the inputs’ crisp degree for each fuzzy set, the fuzzified 

inputs are then sent to the interface engine in order to evaluate the fuzzy rules that 

stored in the knowledge base. This is the second part of the expert fuzzy system 

which is known as an inference engine. The nth rule of the knowledge base 

expressed as follows:  

If A1 is “a1
n” and …Ai is “ai” and …A8 is “a8” THEN A9 is “a9”  

where “ai” is the linguistic value associated with the ith variable. The fuzzy rule's 

implementation summarizes the efficient battery scheduling based on human 

experience, and to achieve the appropriate decision action to set the battery charging 
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or discharging and at a specific power rate. The fuzzy system takes into 

consideration the availability of the input parameters (SOCBattery, dP and DP). Figure 

4-13 shows the surface rules of the fuzzy logic based expert system. 

 

(a) 

 

(b) 

Figure 4-13. Expert fuzzy system rules: (a) SOCBattery with difference power generation, (b) 

SOCBattery with diesel price 

The third step of the expert fuzzy system is defuzzification where output 

signals, charging, discharging or standby are determined. This is very much similar 

to the fuzzification but in the reverse order. When multiple rules have been asserted, 

the centre of mass-weighted outputs method is used in this paper. This output value 

is then multiplied by a normalizing value to return it to the level of real outputs 

values. However, in the case of possible linguistic conflicting output rules (i.e., 

charging, discharging or standby in the same time), the rules with higher weight 

membership outputs are retained due to the fact that the two outputs are mutually 
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exclusive. Finally, the output which corresponds to each input of the fuzzy expert 

system is forward to the multi-objective grey wolf algorithm. Figure 4-14 

summarizes the proposed intelligent multi-objective energy management method 

based on fuzzy logic expert system on the BES scheduling for the standalone 

microgrid.  

 

 Figure 4-14. Energy management structure based on FL-GWO 

 Grey Wolf Optimizer 

Grey Wolf Optimizer (GWO) is one of the powerful meta-heuristic 

algorithms proposed by [41]. GWO is one of the non-convention algorithms that 

shows an outstanding performance for solving different complicated problems, and 

it has the ability to compete with others algorithms such PSO, GA, and many others. 

The GWO was inspired by grey wolves. Grey wolves are members of the Canidae 

family, which is a leading predator, as well as on top of the food chain. This type 

of wolves lives in groups of 5 to 12 members. The leader of the wolf pack is called 

alpha who is responsible for the pack. Beta is the second level after alpha who 

reinforces alpha’s instructions throughout the pack and delivers feedback to the 

alpha. The lower level of the grey wolf hierarchy is called omega who usually plays 

the role of scapegoat. In case a wolf is not alpha, beta or omega, then he or she is 

called delta. The delta is normally being as scouts, sentinels, elders, hunters and 

caretakers. Figure 4-15 illustrates the social dominant hierarchy of the grey wolves. 

The GWO mathematical formulation steps for hunting the prey are explained in 

next sub-section. 
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Figure 4-15. Dominance hierarchy of grey wolves 

4.7.1 Mathematical Formulation of the Grey Wolf Optimizer 

The behaviours of the GWO can be expressed mathematically, where the 

alpha (α) wolf position is assumed the best answer in the proposed GWO algorithm, 

whereas, beta (β) and delta (δ) are the second and third best answers of the 

algorithm, respectively.  Omega (ω) represents the rest of the solutions to the 

optimization problem. The hunting in the GWO algorithm is directed by α, β, and 

δ, while the omega follows these wolves. The process of hunting preys in the grey 

wolves pack is not an easy operation as it has several procedures that should be 

completed accurately to reach the optimal hunting such as chasing, tracking, 

encircling and updating the wolves’ positions according to the prey. After the 

chasing and tracking steps, the grey wolves tend to encircle the prey to stop her 

from moving, and to do that mathematically the following set of equations represent 

the encircling behaviour: 

𝐷→ = |𝐶→. 𝑋𝑝
→(𝑡) − 𝑋→(𝑡)|    (4.32) 

X→(t + 1) = Xp
→(t)−A→. D→ (4.33) 

where 𝐴→ and 𝐷→ are the vector coefficients, 𝑋𝑝
→ is the vector location of the prey, 

t is the current iteration, and 𝑋→ is the location vector of a grey wolf. The encircling 

equations can be obtained by finding the coefficients vectors 𝐴→ and 𝐶→ as follows: 
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𝐴→ = 2𝑎→. 𝑟1
→ − 𝑎→    (4.34) 

𝐶→ = 2. 𝑟2
→ (4.35) 

a = 2 − t ∗
2

maximum iteration
 (4.36) 

where 𝑎→is linearly changed from 2 to 0 during the algorithm iterations, and r1 and 

r2 are random values between (0, 1). In each iteration, the best solutions from alpha, 

beta and delta are saved and the other wolves (omega) update their positions based 

on that. The updating procedures of the GWO algorithm can formulated in the 

following sets of equations: 

 DAlpha
→ = |C1

→. XAlpha
→ − X→| (4.37) 

DBeta
→ = |C2

→. XBeta
→ − X→| (4.38) 

DDelta
→ = |C3

→. XDelta
→ − X→| (4.39) 

The vector positions of the prey can be determined based on the alpha, beta, and 

delta positions using the following equations: 

𝑋1
→ = |𝑋𝐴𝑙𝑝ℎ𝑎

→ − 𝐴1
→. 𝐷𝐴𝑙𝑝ℎ𝑎

→ | (4.40) 

𝑋2
→ = |  𝑋𝐵𝑒𝑡𝑎

→ − 𝐴2
→. 𝐷𝐵𝑒𝑡𝑎   

→ | (4.41) 

𝑋3
→ = |𝑋𝐷𝑒𝑙𝑡𝑎

→ − 𝐴3
→. 𝐷𝐷𝑒𝑙𝑡𝑎

→ | (4.42) 

𝑋→(𝑡 + 1) =
𝑋1
→ + 𝑋2

→ + 𝑋3
→

3
 (4.43) 

The exploration and exploitation of the grey wolf agents based on the parameter A, 

if the parameter A is (|A|≥1) then half of the iterations are devoted to exploration. 

Meanwhile, when (|A|<1) the other half of iterations are devoted to exploitation. 

The pseudo-code of the GWO algorithm is presented in the following form. 

 

(i=1, 2… n) iXInitialize the locations of the grey wolf population  
Initialize a, A and C 

Calculate the objective function value for each grey wolf agent 

Set:     Xα as best result of the search agents   

Xβ as the second best result of the search agents 

Xδ as the third best result of the search agents 

GWO Algorithm 
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While (t<max number of iteration) the termination criterion is not satisfied 

do 

Initialize r1 and r2 values 

Update A by equation (4.34) 

Update C by equation (4.35) 

Update a by equation (4.36) 

For i  

For j 

Update the positions of each grey wolf agent by using equations (4.37) 

-(4.43) 

End j 

End i 

Calculate the fitness of all agents with the new positions 

t=t+1 

End while 

return Xα 

 Implementation of the Proposed FL-GWO Method in Standalone 

Microgrid 

In this study, a grey wolf algorithm is used to deal with the unit commitment 

and economic dispatch problems. GWO is characterized by their robustness as well 

as their ability to deal with high dimensional, non-linear and non-convex problems 

[12]. All these advantages make this meta-heuristic algorithm an ideal tool for 

tackling the UC and ED as well as fulfil all the case study constraints (4.25) - (4.31). 

In the proposed algorithm, the search agents and candidate solutions are encoded in 

a matrix (X), where each elements status in the microgrid is represented. Each row 

represents the dispatchable source of the standalone microgrid, whereas each 

column represents the particular time of the day as expressed below: 

[
𝑥1
1 ⋯ 𝑥𝑛

1

⋮ ⋱ ⋮
𝑥1
𝑝

⋯ 𝑥𝑛
𝑝
] 

(4.44) 

where n represents the control variable numbers or search agents positions. While 

the population number (grey wolves) represented by p, before initializing the 

population of the search agent, the BES output power is determined based on the 

expert fuzzy system. After that, the microgrid schedules are randomly initialized. 

Then, after certain steps of economic dispatch calculations are performed in order 

to allocate the optimal power sources to fulfil the system constraints and the load 
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demands. The full process is repeated from the initializing step until right sources 

are allocated for a certain number of iterations based on the case study objectives. 

Since the ORs constraints should be met, the penalty factor value considered as 10. 

Figure 4-16 shows the flowchart of the grey wolf algorithm performance for the 

intelligent operation management in the standalone microgrid. However, due to the 

limitation of the generation sources and the energy management constraints, it is 

essential to use the function handle in this study as presented below: 

 

 For t=1 to T   do 

For m=1 to NOA do 

Part 1: power balance and generation source capacity handling 

Calculate the power difference between the generation sources and load demand 

                  Pdiff= (Pdg,t udg,t + PPV,t+ PWT,t+ PBES,t uBES,t+ PTCT,t)- PD,t; 

Select random generation sources based on their capacity  

While Pdiff ≠ 0 do 

Subtract Pdiff,m,t from the selected units 

Check the capabilities of the generation units based on lower and upper limits as 

follows: 

If   Pm,dg,t  < Pdg,min    then  PmFC,t= Pdg,min   

or Pm,BES,t < PBES,min then  Pm,BES,t = PBES,min 

Elseif  Pm,dg,t  > Pdg,max    then  Pm,dg,t= Pdg,max 

or Pm,BES,t < PBES,max then  Pm,BES,t = PBES,max 

End if 

Calculate Pdiff,m,t 

     Select another generation units randomly 

End while 

Part 2: ORs handling 

Calculate objective function (costsource,t) by using equation (4.12) 

If  Pdg,t udg,t + PPV,t + PWT,t + PBES,t uBES,t + PTCT,t < PD,t + ORt 

       Then   costsource,t = costsource,t + Penalty_Factor*( Pdg,t udg,t + PPV,t + PWT,t + PBES,t uBES,t 

+ PTCT,t –( PD,t + ORt)) 

End if  

End for m 

Calculate LCOE by using (4.16) 

Function Handle 
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No

start

Load all data of DGs and BES of the microgrid

Initialize the GWO input parameters i.e. search agents, maximum iteration etc.

Initialize random positions propulsion matrix of search agents using the following formula 
Position=Pmin+rand ()*(Pmax-Pmin) 

Check the constraint limits mentioned in (4.25)-(4.31)

Are the constraint limits 
satisfied? 

Calculate the fitness function value for each search agent

Calculate the optimum value of fitness function

Calculate Alpha score, Beta score, and Delta score 

Set Alpha score as best optimum value, Beta score as second best optimum value and Delta as 
third best optimum value. 

Storage devices 
status ready?

Pdiff>0

Dmnd=dmnd+Sg

Sg = 0 

Set the iteration number to iter=1

Initialize a, A, C using equations (4.29)-(4.31)

Update α, β and δ positions using (4.32)-(4.38)

Check α, β and δ new positions with constraint limits 
(4-20)-(4-26)

Are the constraint limits 
satisfied? 

Increase the iteration number by one 

Number of iteration 
exceeded?

Store the optimum cost of the GWO

End 

Yes

No

No

Yes

Yes

Yes

No
Yes

No

Figure 4-16. Flowchart of GWO algorithm used in the microgrid 
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In addition, in order to find the optimum size of the BES, the UC and ED are 

calculated for a particular range of energy and power ratings. In turn, for each set 

of the BES energy and power rate, a suitable energy management system is devised. 

The proposed methodology is determined by one year- long microgrid data 

analysis. The first step of the proposed sizing methodology for the BES is to choose 

the particular pair of energy and power capacity that cope with the case study 

constraints. However, the BES capacities should be varied within the following 

ranges: 

0 < 𝐸𝑟𝑎𝑡𝑒 < 𝐸𝑚𝑎𝑥 (4.45) 

0 < 𝑃𝑟𝑎𝑡𝑒 < 𝑃𝑚𝑎𝑥 (4.46) 

where Emax and Pmax are specified based on the microgrid characteristic. The 

purpose of implementing our sizing methodology is to reduce the total operation 

cost by maximising the generated revenue from running the BES based on 

profitable rules. Since the BES operation rules were developed to benefit from the 

variation of availability of renewable energy and fluctuation in electricity price, 

considering trading energy at maximum level would maximise the efficient 

utilization of the BES. In this case targeting the peak energy demand (peak load 

multiply by the time duration 30 minutes) as a maximum profit opportunity for the 

BES. However, the development cost factor is another element in our cost function 

that may lead to a smaller size that achieve the optimum sizing outcome. 

In addition, the load duration curve in the Figure 4-17 is an evident show 

that about 50% of the time, the load profile was less than 50% of the peak load. 

This in turn makes the nominated size falls in this region. However, our intelligent 

approach managed to make the optimal size selection of BES is smaller or equal 

the peak energy demand in generating revenue and at the same time cope with 

microgrid constraints to reduce the total operating cost and make the nomination 

optimal. Figure 4-18 depicts the flowchart of the proposed sizing method for the 

proposed case study.  
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 Figure 4-17. Load duration curve of Flinders Island microgrid 
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Figure 4-18. Flowchart of the proposed sizing method 

 

 

 

 

 

 

 

Yes 

Yes 

No 

No 

Load one-year long operation 

data 

Start 

Nominate size  

Simulate micro grid operation 

throughout the year on a 30 min 

basis 

Dispatch optimization (GWO, FL-

GWO, traditional method) 

End 

One-year 

simulation 
complete? 

Minimum cost 

achieved? 
 

Evaluate annual 

operation cost 

Evaluate the operation cost and 

TCPD of BES  

Find optimum 
size 

Alter BESS size 

BESS size  

<= peak energy 

demand? 

Calculate  TCPDBES  Determine FC and MC of BES 

 

Load BES 

specifications 

No 

Yes 

One-year data: Load profile, REG data 

(PV, WT and TCT), and diesel price 



Page | 90  

 

 Results and Discussions 

In order to access the validity and robustness of the proposed algorithm, it is 

tested on a real case study (low voltage microgrid) that has different generation 

sources (conventional and RES). All the technical and economic parameters of 

generation sources are detailed in Table 4-6. 

Table 4-6. Limits and bids of power generation of Flinders Island microgrid 

Source Max. power  

(kW) 

Min. power  

(kW) 

O&M 

$ct/kW 

Dg 1500 50 0.964 

PV 175 0 0.2082 

WT 1200 0 0.5250 

TCT 1200 0 0.675 

BES 175 -175 0 

Several parameters and coefficients are considered in this study to determine 

the optimal BES capacity, including the economic dispatch and CO2 emission 

levels. The OR is set to 5% of the load demand for each time step. The maintenance 

and fix labour for BES installation and operation are set to 0.465 ($/kWh) and 0.15 

($/kWh), respectively. The interest rate (IR) for BES is set to 6%. Furthermore, the 

lifetime (LT) of the BES is set to three years and tax is set to 10% [13]. The charging 

and discharging efficiencies of BES are both set to 90%. The minimum capacity of 

the BES is set to 20% from the maximum capacity of each size to increase the BES 

lifetime and reduce the depth of discharge [13].  

To verify the optimal generation scheduling of the intelligent multi-objective 

energy management for the proposed system and the behaviour of the BES under 

different operating scenarios, a one-year data has been selected with reference to 

four different scenarios based on one week of each season, namely: summer case, 

autumn case, winter case and spring case. The season case results were simulated 

using the MATLAB 2017b software. The time step is considered for 30 minutes 

and run on a data for one year. All these coefficients were subjected to the control 

parameters of the fuzzy logic expert system and grey wolf algorithm as illustrated 

in Table 4-7. The results of the proposed FL_GWO algorithm are analyzed and 

compared with other methods such as rules-based and conventional GWO. 
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 Table 4-7. Parameters of expert FL system and GWO algorithm 

 Expert System FL  

No. of inputs:3, No. of outputs:1 SOCBattery and BES output membership 

function:5 

No. of rules based:60 DP and dP linguistic values:3 

DP and dP membership function :3 SOCBattery and BES output linguistic values:5 

GWO 

Problem dimension: 2 Step time: 30 mins 

No. of search agents: 30 Maximum number of iterations: 1000 

Results of the FL-GWO are taken as a reference point for comparing with 

other methods (rules-based and traditional GWO). The optimal findings consist of 

the optimum size of the BES and optimum energy management. The feasible and 

optimal solution is ranked on the basis of LCOE. However, in order to find the 

accurate optimum size of the BES, we divided the sizing process into two stages 

which fit the case study requirements. In the first stage, the BES energy is set to a 

wide range starting from 300 kWh to 2700 kWh and varies in steps of 300 kWh. 

While the stage two, the BES capacity is started from 0 kWh to the best optimum 

size of stage one with step size 50 kWh.  

Stage one is taken as the first step to identify the pre-optimum size of the 

BES. Figure 4-19(a) shows the mean operating cost of the low voltage standalone 

microgrid as a function of the battery size and month of the year by using the rules-

based method. It is obvious from the figure that the minimum LCOE obtained is 

$249.7625/kWh with a battery capacity 300 kWh, whereas, the maximum LCOE 

of $1723.211/kWh is obtained with battery capacity 2700 kWh.  On the other hand, 

the traditional GWO algorithm achieved the minimum LCOE is $208.341/kWh 

with battery capacity 300 kWh and the maximum cost is $1680.423/kWh with 

battery size 2700 kWh as shown in Figure 4-19(b). In comparison with the proposed 

FL-GWO method, the minimum LCOE obtained is $181.4296/kWh at 300 kWh 

while the maximum cost obtained is $1630.461/kWh at 2700 kWh as shown in 

Figure 4-19(c).  
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Figure 4-19. LCOE comparison as a function of BES sizes and months for ruled based method, 

GWO and FL-GWO method 

By comparing the results obtained from stage one of the three methods, it is 

obvious that the proposed FL-GWO algorithm shows significant performance 

improvement in optimizing the operation cost of the standalone microgrid and 

satisfying all load demands and constraints as illustrated in Figure 4-20. Based on 

stage one results, the optimum BES capacity selected for this stage based on the 

analysis of the FL-GWO results is 300 kWh with minimum LCOE $181.4296/kWh. 

Consequently, stage two search space is set from 0 kWh to 300 kWh. Furthermore, 

this stage takes the winter season as the worst-case scenario in order to find the 

optimum size of BES with less operation cost as well as satisfying all load demands.  

As it is obvious from the Figure 4-20, the optimum range of BES capacity 

that copes with the case study constraints is allocated between (200-300) kWh in 

all methods. By taking the economic factor as the main contributor for selecting the 

accurate size, it can be seen that the FL-GWO method achieved the lowest cost 

($170.23/kWh) with battery size 250 kWh in contrast with conventional GWO 

($198.24/kWh) and rules-based ($224.43/kWh). It can be seen that both the meta-

heuristic algorithms (FL-GWO and GWO) provide better performance than the 

rules-based method. The results show that the FL-GWO algorithm obtained an 

optimal BES capacity with less LCOE. Therefore, due to economic and reliability 

discussion, the results of FL-GWO is chosen as an optimal solution for this paper 

with BES capacity of the 250 kWh.   

L
C

O
E

 (
$

/k
W

h
) 

(c) LCOE as a function of BES sizes and months for FL-GWO method 
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Figure 4-20. Optimum size comparison as a function of battery energy and LCOE 

The energy management is designed to satisfy the total energy demands as 

well as to minimise the dumped powers and utilized for charging the storage 

devices. As mentioned above, one week has been taken from each season to verify 

the robustness of the optimal operations of the energy management. Figure 4-21 

shows the power exchange among different components of the microgrid such as 

renewable sources, BES and diesel generators for summer case. The operation 

technique utilized in this paper for the diesel generators is operated them only if the 

power from the RES is deficient and storage devices are below or equal the 

SOCBattery, min. It can be seen from the Figure 4-21 that there is a decent amount of 

PV power generated during the summer time due to the better availability of a solar 

resource used to minimise the utilization of diesel generators. Furthermore, it can 

be seen  from the Figure 4-21 that during the summer-time in the periods (159 to 

176) and (329 to 336), the energy management has satisfied all the load demands 

by utilizing only RES and BES, while, in most of the time the diesel generators 

operated at low power rate around 60 kW. 
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Figure 4-21. Power exchange for one week of summer scenario 

The weekly amount of energy from the renewable sources diminishes in 

autumn when the difference between the energy production and energy 

consumption is a bit low, while in spring the weekly energy amount still can cope 

with the load demands as demonstrated in Figure 4-22 and Figure 4-23, 

respectively. A better match between the power production and energy demands 

happens mostly in the summer and spring. Hence, BES is preferred by the energy 

management to balance the power consumption and power production due to their 

lower utilisation cost compared to diesel generators.  

 

Figure 4-22. Power exchange for one week of autumn scenario 
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On the other hand, power produced by renewable energy sources is usually 

not high enough to satisfy the demand during winter weeks due to the low 

availability of renewable resources. Therefore, the diesel generators are preferred 

to satisfy the large energy deficit as shown in Figure 4-24. In this case, the diesel 

generators can operate within its nominal power rate and high efficiency whereas 

the efficiency of BES would decrease. Therefore, a lower utilization cost of diesel 

generators obtained while a high utilization cost of BES occurs based on the diesel 

price during the charging time. 

 

 Figure 4-23. Power exchange for one week of spring scenario 

 

 Figure 4-24. Power exchange for one week of winter scenario 
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The proposed energy management system demonstrates several advantages 

in terms of both minimisations of operational costs and maximisations the overall 

system efficiency by maximising the utilizsation of the BES and RES as highlighted 

in Table 4-8. This reduction in utilization cost is mainly due to the reduction of the 

operational hours of the diesel generators during the year and operate them closer 

to their nominal conditions, which are maximising their efficiency and reducing 

fuel consumption as well as CO2 emissions. Figure 4-25 and Figure 4-26 show the 

weekly fuel consumption and CO2 emissions for four seasons of the year of the 

Flinders Island microgrid, respectively.   

 Table 4-8. Weekly energy flows in the four seasons 

Seasons PV  

(kW) 

Wind 

(kW) 

Tidal 

(kW) 

Dg 

(kW) 

BES 

(kW) 

Summer 1790.822 10139.057 961.8422 126854.599 40944.23739 

Autumn 13107.218 4517.0598 938.762 65024.556 34913.63499 

Winter 7828.2813 4869.3928 939.762 101207.565 43426.88499 

Spring 10549.056 10458.995 989.267 72420.565 42264.88499 

 

Figure 4-25. Weekly fuel consumption of the Flinders microgrid 
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 Figure 4-26. Weekly CO2 emissions of the Flinders microgrid 

 Conclusion 

A hybrid system is a more reliable and economical source of power, 

especially for remote areas and islands. In this work, a novel mathematical model 

has been developed for the online intelligent multi-objective energy management 

and optimal sizing of energy storage system for the standalone microgrid in the 

Flinders Island by applying FL-GWO algorithm.  The proposed method started 

from identifying the optimum sizing of storage devices taking into account the 

exogenous variables and then determining the optimal generation schedule of the 

generation sources that minimise the operating costs, maximise the system 

efficiency and minimise the CO2 emission. An FL-GWO method was introduced to 

cope with the renewable sources uncertainties (solar irradiation, wind speed and 

tidal speed). To compare the FL-GWO results with those of the rules-based method 

and traditional GWO algorithm, a comparative analysis was carried out. In 

particular, the comparative analysis has been made with reference to four different 

weather situations named summer case, autumn case, winter case and spring case.  

The FL-GWO results have shown a significant performance compared to 

rules-based and traditional GWO on reducing the LCOE by 24.15% and 14.13%, 

respectively, as well as cutting down the emission levels of the standalone 

microgrid system with different climates conditions and satisfying all the load 

demands without violating any constraints. Moreover, the expert fuzzy system for 

the BES scheduling remarkably decreases the battery maintenance cost by 
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extending the operation lifetime through the lower depth of discharge of the battery. 

In addition, this work can be further extended in future to involve two directions. 

First, the proposed method (FL-GWO) will take into account the intermittency of 

renewable generation in both grid- connected and islanded mode of microgrids, and 

a sensitive analysis will be conducted on the system performance and stability 

issues under different scenarios. Second, implement an advanced forecasting 

algorithm along with FL-GWO to enhance the operation and management of the 

microgrids. 
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Chapter 5:  Impact of Tidal Energy on Battery Sizing 

in Standalone Microgrids: A Case Study 
 

The ability of the hybrid method in managing multiple generation sources, as well 

as determining the optimum size of BESS, and optimum PMS strategies in an 

islanded microgrid was detailed in Chapter 4. Presented in this chapter is a study of 

the impact when adding a new RES, such as tidal energy, to an existing standalone 

microgrid power system. The capability of the proposed method in managing 

planned and unplanned expansion of the network has been tested in various weather 

conditions. This chapter has been published in the “IEEE Xplore”. The citation for 

the research article is: 

K. S. El-Bidairi, H. D. Nguyen, S. Jayasinghe, T. S. Mahmoud, and I. Penesis, 

"Impact of Tidal Energy on Battery Sizing in Standalone Microgrids: A Case 

Study," in 2018 IEEE International Conference on Environment and Electrical 

Engineering and 2018 IEEE Industrial and Commercial Power Systems Europe 

(EEEIC/I&CPS Europe), 2018, pp. 
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 Abstract 

This paper investigates the impact of adding tidal energy on the size of battery 

energy storage (BES) required to absorb power fluctuations present in a standalone 

microgrid with wind, solar and diesel engine is driven generation sources. The 

Flinders Island power system is chosen as the standalone microgrid for the case 

study. In addition to the battery capacity, emissions and operational costs are also 

taken as the variables that should be minimized in optimization problem formulated 

in this study. In order to solve this multi-objective optimization problem an 

intelligent expert Fuzzy System - Grey Wolf Optimization (FL-GWO) algorithm is 

proposed in this paper. Different scenarios based on the weather conditions in the 

Flinders Island is considered to demonstrate the robust performance of the proposed 

(FL-GWO) method. The numerical results show that when tidal energy is 

introduced the required battery capacity dropped from 300kWh to 250kWh which 

is equivalent to 16.67% drop. The effectiveness of the FL-GWO is validated by 

comparing it with other existing approaches such as the rules-based method and 

conventional GWO algorithm. 

 

Keywords: Energy storage sizing, Microgrid, Fuzzy expert system, Grey Wolf 

Optimizer, Energy management, Tidal energy  
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 Introduction 

The rapid development of marine research along with industrial technologies 

has been growing the attention on the marine economy in microgrids especially in 

rural areas and remote islands [123-126]. Ocean energy has many forms including 

wave and tidal. Out of these, tidal energy has become the most popular type of 

ocean energy mainly due to its predictability [102, 127]. In addition, other 

alternative energy sources such as wind, biomass and solar are increasingly being 

used especially in microgrids owing to their availability, scalability, reliability and 

less ecological impacts [5]. Nevertheless, even in comparison to these renewable 

energy sources (RESs) tidal energy is the most predictable source due to it is 

consistent velocity [128, 129]. Therefore, power engineers can confidently rely on 

tidal currents to produce electrical energy for relatively long of a time.  

However, generating power from RESs is usually intermittent which could 

lead to power quality issues. Furthermore, traditional energy management solutions 

remarkably increase the operational costs and do not fully utilize the available 

energy storage facilities [12].  This creates the need for developing intelligent and 

effective energy management methods achieving the dynamic balance between 

generation and load demands while enhancing the system reliability and reducing 

the operational costs.   

This paper presents a novel multi-objective optimization method based on expert 

system Fuzzy Logic and Grey Wolf Optimizer (FL-GWO). The proposed method 

is applied on a real microgrid located in Flinders Island, Tasmania, Australia. In 

addition, the paper investigates the influence of the tidal energy on the microgrid 

BES size as well as on minimizing the system operating costs. The novel 

contributions made in this paper are summarized as follows: 1) proposing a FL-

GWO algorithm that is capable of dealing  with multi-objective optimization 

problems subjected to constraints; 2) determining the optimal power generation 

plan and BES size for standalone microgrids based on the influence of RESs, 

intended for minimizing the operational costs and CO2 emission levels; 3) 

introducing an intelligent meta-heuristic optimization methodology (FL-GWO) and 

compare its performance with rules-based and conventional GWO algorithm; 4) 

numerical results generated from a real case study data evaluating the impacts of 

the tidal energy on the operation of the standalone microgrids in Australia. 
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 Microgrid Economic Dispatch 

5.3.1 Flinders Island Microgrid Structure 

One of the largest islands in the Furneaux group is Flinders Island that located 

in the Bass Strait between Tasmania and Melbourne in Australia. Flinders Island 

microgrid is designed to work in off-grid mode due to the difficulties in connecting 

it to the upstream grid in the main island of Tasmania.  Flinders Island microgrid is 

powered by diesel generators (dg), RESs (photovoltaics and wind turbines) and a 

battery bank. The primary energy sources in the island are the diesel generators. In 

addition, it is noted that an excellent tidal resource surrounds the island and hence 

the tidal energy is taken into consideration in this paper as shown in Figure 5-1. 

 

Figure 5-1. Proposed system configuration of the Flinders island microgrid 

5.3.2 Problem Formulation 

The Levelized Cost of Electricity (LCOE) contains the cost of system 

configuration and operation, which is chosen as the objective function for the 

economic index optimization problem of this study. The LCOE is determined by 

summing up the components cost that is fixed to their specific size as well as the 

fuel price (diesel). The objective function of this paper formulated as follows [3, 

17]: 
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T

BES,t

t=1

, sources,tLCOE= Cost +OM +TCPDsources t  
(5.1) 

Costsource,t= Costdg,t+CostBES,t+SUCdg,t+SDCdg,t (5.2) 

Costdg,t= Pdg,t × Bdg,t+udg,t (5.3) 

CostBES,t= PBES,t × BBES,t × uBES,t (5.4) 

SUCdg,t= SUdg,t × max (0,udg,t-udg,t-1) (5.5) 

SDCdg,t= SDdg,t × max (0, udg,t-1-udg,t) (5.6) 

OMsources,t=(OMdg,t+OMPV,t+OMWT,t+OMTCT,t) × T (5.7) 

The LCOE is formulated by summing up the total operational costs of the 

generation units (Costsource,t), the total operation and maintenance costs of the 

system (OMsources,t)and the total cost per day of BES (TCPDBES). To find the 

operational cost (Costsources,t) of the microgrid, it is important to calculate the 

operational cost of the diesel generator units first, then the operational cost of BES 

and finally the start-up/shut-down cost of diesel generator (SUCdg,t,SDCdg,t) as 

expressed in (5.2). Furthermore, to calculate the operating cost of the generator 

units, it is important to take into account the status of the generator (On/Off) which 

is denoted as “u” in formulated equations. The equations (5.3-5.6) express the 

formula of each cost components in (5.2), whereas, the operation and maintenance 

costs of generation units such as diesel generator (dg), Photovoltaic (PV), Wind 

Turbine (WT), Tidal Current Turbine (TCT) are formulated in (5.7). 

The cost of BES is determined by considering the one-time fixed cost (FCBES) 

and the annual maintenance cost of the battery (MCBES); these costs are proportional 

to the battery capacity as expressed in (5.8). Hence, formulating the TCPDBES is 

determined in this study by considering both the interest rate (IR) of the financing 

installation and the lifetime (LT) of BES. The TCPDBES considered in this paper in 

$ct/day and expressed in (5.9) [3]. 

5.3.3 Constraints 

The sizing and economic index problems in the standalone microgrid are 

subjected to a number of constraints including supply-demand balance, generation 

unit boundaries, operating reserve (OR) constraints and the BES constraints. These 

constraints are explained in detail below. 
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5.3.3.1 Balance of Electrical Load Demands 

The power of the generation units such as PPV, PWT, PTCT, PBES and Pdg should 

always cope with the load demand (PD,t) of the microgrid as shown below: 

Pdg,t udg,t + PPV,t uPV,t + PWT,t uWT,t + PTCT,t uTCT,t + PBES,t uBES,t = PD,t (5.10) 

 

5.3.3.2 Boundaries of DGs Constraints 

The power output of each unit should be within the maximum and minimum 

limits as shown below: 

Pdg,Min≤ Pdg,t≤ Pdg,Max (5.11) 

PPV,Min≤ PPV,t≤PPV,Max (5.12) 

PWT,Min≤PWT,t≤PWT,Max (5.13) 

PTCT,Min≤PTCT,t≤PTCT,Max (5.14) 

PBES,Min≤PBES,t≤PBES,Max (5.15) 

5.3.3.3 Operating Reserve Constraints 

Because of the RESs uncertainties and unforeseen fluctuation of the load 

demands, the operating reserve need to be injected to the microgrid within minutes 

to avoid system deterioration. In this paper, the OR assumed to be injected to the 

grid within less than 10 minutes, the OR constraint expressed as follow: 

Pdg,Max udg,t + PPV,t uPV,t + PWT,t uWT,t + PTCT,t uTCT,t + PBES,MaxuBES,t ≥ PD,t + OR,t (5.16) 

 FL-GWO Method Implementation on Standalone Microgrids 

In this study, the combination of an intelligent expert system fuzzy logic and 

a developed meta-heuristic algorithm Grey Wolf Optimizer have been proposed to 

solve the economic and environment optimization problems of the microgrid. 

Taking the uncertainties of RES and fluctuation in the power demand into account, 

the expert system fuzzy logic system provides BES decisions namely: charging, 

discharging and standby.  The microgrid variables such as the state of charge of the 

battery (SOCbattery), diesel price (DP) and the difference power (Pdiff) between the 

generation side and load demands are also taken as inputs to the fuzzification 

process of the fuzzy logic.  
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In addition, three fuzzy membership functions used for DP and Pdiff 

companied with linguistic names SMALL (S), MEDIUM (M) and LARGE (L). 

Whereas, five membership functions used for SOCbattery and the fuzzy output. The 

linguistic of SOCbattery membership functions named as follows: VERY SMALL 

(VS), SMALL (S), MEDIUM (M), LARGE (L) and VERY LARGE (VL).  On the 

other hand, the output linguistic named as follows: CHARGE (C), LARGE 

CHARGE (LG), STANDBY (SB), DISCHARGE (D) and LARGE DISCHARGE 

(LD). Table 5-1 shows membership functions as well as the rules of the expert fuzzy 

system. After evaluating the crisp inputs of the fuzzy logic membership functions, 

the fuzzified inputs forward to the interface engine to determine the fuzzy outputs 

based on the fuzzy rules that stored in the knowledge base. The centre of mass-

weighted method has been used in this paper to assess the multiple rules of the 

expert fuzzy system. Eventually, after determining the fuzzy inputs and evaluate 

them with fuzzy rules, the fuzzy outputs forward to the multi-objectives GWO 

algorithm as shown in Figure 5-2. 

Table 5-1. The expert system Fuzzy rules for BES 

SOCbattery 

 

DP 

Pdiff 

S M L 

VS 

S LC LC LC 

M LC LC C 

L LC C SB 

S 

S LC LC LC 

M LC C C 

L C C D 

M 
S LC LC C 

M LC C D 

L C D LD 

L 

S LC D D 

M C D LD 

L C LD LD 

VL 

S C D LD 

M C LD LD 

L SB LD LD 

 



Page | 107  

 

 
Figure 5-2. Energy management structure based on FL-GWO 

GWO is one of the new meta-heuristic algorithms that has the ability to deal 

with many complicated optimization problems such as nonlinear, non-

differentiable and multi-peak complex problems. Furthermore, GWO has an 

excellent exploration characteristic that balance between the global and local search 

space [12, 54].  The behaviours of GWO can be expressed mathematically, where 

the alpha (α) wolf position represents the best solution of the optimization problem, 

while beta (β) and delta (δ) are the second and third best answers of the algorithm, 

respectively. In addition, the remaining potential optimization answers represent by 

Omega (ω). The hunting in the GWO algorithm is directed by α, β, and δ which can 

be express by the following questions: 

D=|C.XP(t)-X(t)| (5.17) 

X(t+1) =XP(t) -A.D (5.18) 

A= 2a.r1-a (5.19) 

C=2.r2 (5.20) 

2
a=2 t

maximum iteration
−   (5.21) 

Where “A” and “D” are the vector coefficients, “Xp” is the vector location of the 

prey, “t” is current iteration, and “X” is the location vector of a grey wolf. The “a” 

values change linearly from (2-0) during the algorithm iteration. The value of “r1” 

and “r2” are random values between (0, 1), and the updating process of GWO can 

be express in the following equations:   

GWO  

Unit Commitment 

Economic Dispatch 

Fuzzy logic 

based battery 

scheduling  

Variables fuzzification 

IF-THEN fuzzy rules 

Variables defuzzification 

Battery 

Charging/discharging 

Generation Scheduling 

Diesel price 
SOCBattery 

Time 

Irradiation 

Wind peed 

Tidal speed 

Load profile 
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DAlpha=|C1.XAlpha-X| (5.22) 

DBeta=|C2.XBeta-X| (5.23) 

DDelta=|C3.XDelta-X| (5.24) 

X1=|XAlpha-A1.DAlpha| (5.25) 

X2=|XBeta-A1.DBeta| (5.26) 

X3=|XDelta-A1.DDelta| (5.27) 

1 2 3X +X +X
X (t+1)=

3

→ → →
→  (5.28) 

In this study, GWO is designed to deal with the unit commitment (UC), 

environmental issues and economic dispatch (ED) problem of the standalone 

microgrids. In addition, in ordered to find the optimum size of the storage devices, 

the EC and DC are determined within a specific range of energy and power ratings. 

In turn, for each set of the BES energy and power rate, a suitable energy 

management system is devised. The proposed methodology is determined by one 

year- long microgrid data analysis that been taken from different organizations such 

as Hydro Tasmania, Australian Maritime College and Australian Bureau [102, 130, 

131]. The first step of the proposed sizing methodology for the BES is to choose 

the particular pair of energy and power capacity that cope with the case study 

constraints as shown in Figure 5-3. 

 

Figure 5-3. Energy management structure based on FL-GWO 
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 Results and Discussions 

In order to access the effectiveness and robustness of the proposed algorithm, 

it is tested on a real microgrid that has different generation sources (conventional 

and RES). Afterwards, to address the effectiveness of the FL-GWO with the 

presence of the tidal energy on the microgrid’s BES size, two scenarios have been 

carried out in this paper. In the first scenario, tidal energy is not considered, while 

in the second scenario the influence of the tidal energy is taken into account to 

determine the objectives as well as to find the optimum size of the BES for the 

Flinders island microgrid. 

In order to identify the optimal generation plan and assess the behavior of the 

BES, a one-year data has been selected with reference to four different scenarios 

based on one week of each season, namely: summer case, autumn case, winter case 

and spring case. The time step is considered for 30 minutes and run on a data for 

one year. All these coefficients were subjected to the control parameters of the 

expert system fuzzy logic and grey wolf algorithm. The results of the proposed FL-

GWO algorithm are analyzed and compared with other methods such as rules-based 

and conventional GWO. Furthermore, the optimal solution in this study is ranked 

on the basis of LCOE. In addition, the sizing process of the BES has been divided 

into two stages in order to identify the optimal accurate size.  In the first stage, the 

BES is set to a wide range of BES capacity starting from 300 kWh to 2700 kWh 

and varies in steps of 300 kWh. While in stage two, the BES capacity is started from 

0 kWh to the best optimum size of stage one with small step size (50 kWh) to 

increase the accuracy of the process. 

In the first scenario, three generation sources (PV, WT and dg) besides the 

BES have been considered to cope with microgrid constraints and satisfy the load 

demands. As the stage one taken as the first step to identify the pre-optimum size 

of the BES, it is obvious from Figure 5-4 that the minimum LCOE obtained from 

stage one is ($260.36/kW) at 300 kWh by using FL-GWO in comparison with rules-

based and GWO algorithm, ($340/kW) and ($298/kW), respectively. Due to that, 

the capacity 300 kWh has been taken as the reference for sizing the battery capacity 

in stage two. Based on that, the search space of stage-two is set from 0 kWh to 300 

kWh.  In addition, due to the weather diversity of the Flinders Island, the winter 

case has been taken as a worst case in stage two in order to find the optimum size 

of the BES with less operation costs as well as satisfying all load demands. It is 
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clear from Figure 5-4 that the optimum range of BES capacity that copes with the 

case study constraints is allocated between (200-350) kWh in all methods. 

However, by taking the economic factor as the main contributor for selecting the 

accurate size, it can be seen that the FL-GWO method achieved the lowest cost 

($260.36/kW) with battery size 300 kWh in contrast with rules-based and 

conventional GWO. 

On the other hand, scenario two allows us to determine the impacts of tidal 

energy integration into Flinders microgrid, and at the same time examine the 

effectiveness of the proposed FL-GWO method in presence of the tidal energy. As 

shown in Figure 5-5 the optimum range of BES capacity that copes with the case 

study constraints is allocated between (200-300) kWh in all methods with the 

outstanding performance of FL-GWO for minimizing LCOE. By taking the 

economic factor as the main contributor for selecting the accurate size, it can be 

seen that the FL-GWO method achieved the lowest cost ($170.23/kW) with battery 

size 250 kWh in contrast with conventional GWO ($198.24/kW) and rules-based 

($224.43/kW). As a result, the previous scenarios indicate that the tidal energy 

integration with multiple generation sources has the ability to cut down the 

operating costs of the microgrid by 34.6% and minimize the BES size required. In 

addition, by integrating tidal energy in the microgrid that would force the 

conventional sources to follow a much more regular pattern of generation and 

reduce the generators ramping (up/down) which leads to enhancing the overall 

generating system. Ultimately, with the analysis of results, it is obvious that the FL-

GWO algorithm results in an optimal BES capacity with less LCOE compared with 

rules-based and conventional GWO algorithm in both scenarios. Therefore, in terms 

of reliability and cost reduction, FL-GWO is chosen as an optimal solution for this 

paper with BES capacity of the 250 kWh.   
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Figure 5-4. Optimum size comparison with absence of tidal energy as a  
function of battery energy and LCOE 

 

Figure 5-5. Optimum size comparison as a function of battery energy and LCOE 

On the other hand, the energy management is designed to satisfy the total 

demands as well as minimize the dumped powers and utilize it for charging the 

storage devices. In this study, one week has been taken from each season to verify 

the robustness of the optimal operations of the energy management. Figure 5-6 

shows the power exchange among different components of the microgrid such as 

renewable sources, BES and diesel generators of summer case. The operation 

technique utilized in this paper for the diesel generators is operated them only if the 

power from the RES is deficient and storage devices are below or equal the 
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minimum SOCBattery. In addition, it can be seen from Figure 5-6 that during the 

summer-time in the periods (159 to 176) and (329 to 336), the energy management 

satisfied all the load demands by utilizing only RES and BES, while, in most of the 

time the diesel generators operated at low power rate around 60 kW. 

 

Figure 5-6.  Power exchange for one week of summer scenario 

The weekly amount of energy from the renewable sources diminishes in 

autumn when the difference between the energy production and energy 

consumption is a bit low, while in spring the weekly energy amount still can cope 

with the load demands as demonstrated in Figure 5-7 and Figure 5-8, respectively. 

While the availability of RES is relatively low at winter which is the impact on the 

RES power generation as shown in Figure 5-9. A better match between the power 

production and energy demands happens mostly in the summer and spring. Hence, 

BES is preferred by the energy management to balance the power consumption and 

power production due to their lower utilization cost compared to diesel generators. 
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Figure 5-7. Power exchange for one week of autumn scenario 

 
Figure 5-8. Power exchange for one week of spring scenario 
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Figure 5-9. Power exchange for one week of winter scenario 

  Conclusion 

In this study, a novel mathematical model has been developed for multi-

objective energy management and optimal BES size for standalone microgrids. In 

addition, the proposed FL-GWO method has been used to determine the 

effectiveness of tidal energy integration into standalone microgrid by a different 

combination of fossil fuel sources and RESs. The numerical results indicate that the 

proposed FL-GWO method cooperated with the tidal energy showed an outstanding 

performance of minimizing the operating costs of the standalone microgrid by 

34.6% compared with other methods. In addition, tidal energy integration with a 

mixture of generation sources helped to minimize the required size of BES in the 

standalone microgrid by 16.67%.  Furthermore, the proposed multi-objective 

method carried out to eliminate the reliance on the fossil fuel as a main source in 

the Flinders microgrid by increasing the penetration of the RESs and makes the 

diesel generators cover the period of the high loads when the RESs is low.   
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Chapter 6:  Optimal Sizing of Battery Energy Storage 

Systems for Dynamic Frequency Control in an Islanded 

Microgrid: A Case Study of Flinders Island, Australia 

The capability of the proposed methods has been detailed in previous chapters, in 

regard to both islanded mode as well as grid-connected mode when taking into 

consideration fossil fuel emissions, unit commitment issues, economic dispatches 

as well as both planned and unplanned expansion of microgrid networks. This 

chapter presents a novel method for managing the frequency control issues seen in 

standalone microgrids, specifically in the case of displacing the conventional 

generation sources in favour of RES. Several scenarios have been conducted with 

the most severe contingencies of generation loss and load loss, as well as different 

levels of penetration of RES. This chapter has been submitted to the Energy journal. 
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 Abstract 

Challenging frequency control issues, such as the reliability and security of the 

power system, arise when increasing penetration levels of inverter-interfaced 

generation are imposed. As a result of the displacement of convention generation 

in favor of renewable energy sources, the reduction of frequency response 

capabilities can be seen. A promising method of overcoming the aforementioned 

challenges is to utilize Battery Energy Storage Systems (BESS), which provides 

frequency support by injecting instantaneous power to the grid and back up the 

conventional generation systems. However, large battery systems increase the cost 

while inadequate battery capacities result in poor performance. This paper, 

therefore, proposes an approach for finding the optimum BESS size for an islanded 

microgrid power system. The determination of the optimum BESS size is based on 

an existing case study, under which the most severe contingencies of generation 

loss and load loss have been accounted for, as well as different levels of penetration 

of renewable energy sources. As a result of using meta-heuristic optimization (Grey 

Wolf Optimization), the constraint optimization problem has been identified as 

BESS sizing. Through the use of real-time simulation DIgSILENT PowerFactory 

software, estimated BESS size can be applied to a standalone microgrid to test the 

frequency of support capabilities. The simulation has made it apparent that through 

the selection of the optimum BESS size, the system frequency response is not only 

mitigated, but improved. 

Keywords:  Battery energy storage, Grey Wolf Optimization, Frequency response, 

Renewable energy sources, Stability, DIgSIENT PowerFactory 
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 Introduction 

Conventionally, synchronous generators (SG) have been the backbone of 

power system operation due to their use of reliable resources, such as coal and 

natural gas, as well as being considered fully dispatchable. The demand for 

electricity, however, has high levels of variation and fluctuation, meaning 

consumption can be defined as non-controllable [9-11]. Thus, the optimization of 

processes, such as dispatch and regulation, can be beneficial in an environment 

where variability and inconsistency are the norms. Although the behaviour of power 

systems, which rely on SGs, has been widely studied [132-137], emerging 

technologies, such as non-synchronous renewable energy sources (NS-RES), can 

and will challenge both the operation and the stability of power grids. Examples 

include wind farms, and tidal farms; distributed generation, like rooftop 

photovoltaic (PV); Energy Storage Systems (ESS), such as battery storage; and the 

new loads, such as plug-in electric vehicles [5, 80]. 

As a result of the aforementioned changes, the complexity of the electrical 

power system has increased dramatically. An example of such complexity would 

be a change in time scale, from milliseconds (e.g. an increased rate of change of 

frequency (ROCOF) as a result of low inertia of the power system), upwards to 

seconds (e.g. insufficient governor response resulting in frequency stability issues), 

upwards again to hours (e.g. unit commitment and spot market due to intermittent 

nature of renewable generations), and upwards finally to years (e.g. transmission 

network planning). When planning and designing the structure of a new power grid, 

these are essential considerations, which explains why the most recent platform 

through which these issues can be solved, is a microgrid. Operating as a single 

controllable network, microgrids cluster loads and micro-sources (SGs and NS-

RES), which can then produce and distribute a reliable supply of electrical power 

to remote communities (including islands), and industrial complexes [46, 138-141]. 

The high deployment of NS-RES in the power grids generally, and microgrids 

especially, can lead to operational stability issues caused by natural intermittency 

of NS-RES, as well as inertia lacking based on renewable sources converters. In 

particular, the extensive replacement of conventional power plants (CPPs) by NS-

RES has a major effect on the power system frequency response that can 

significantly change the system frequency behaviour as denoted by ROCOF and 

frequency nadir [142-144]. In other words, the power system with limited inertia 
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has an essential impact on the system frequency behaviour, for instance, a rapid 

change in the rotating speed of SGs due to losing a large generating unit, leads to 

unacceptable frequency level which may cause a collapse of the power grid. The 

management of the system frequency control, when NS-RES penetration levels are 

high, needs to be systematic due to the challenges faced [145, 146]. 

In the context of microgrids, Battery Energy Storage Systems (BESS) 

becomes a beacon of evaluated and advanced alternative solutions when regulating 

the frequency with high deployment levels of NS-RES [147-149], meaning that the 

optimization of such a technique becomes significantly important. Selecting the 

optimum BESS size and the optimum control strategy scheme are at the forefront 

of design needs, due to challenges such as maintaining power system security, 

operation within permissible stable bounds under both normal and abnormal 

conditions, robustness, and cost-effectiveness. 

6.2.1 Related Works 

The renewable energy sources utilized by the microgrid raise concerns not 

only for the system reliability and security, but also for the transient response of the 

power system frequency, due to lack of inertia response. Based on that, many 

studies have been conducted to tackle these issues. Many studies have therefore 

been conducted in the pursuit of these concerns. The aim of the forthcoming section 

is to review relevant approaches and to discuss state-of-the-art power system 

frequency response, all of which have been reported within the literature in 

reference to microgrids. 

D. Ochoa et al. [150], proposed a new design for the DFIG controller of the 

wind turbine, which aids in the improvement of efficiency in regards to the 

maximum power point tracking curve. The controller design is based on the 

variation of the pitch angle of the wind turbine that is used to stabilize the system 

frequency. In [151], a droop control with coordinating sectional strategy was 

proposed for EVs aggregator that takes part in the frequency stabilization of the 

microgrids, with a large-scale of renewable energy sources utilization. The 

proposed control strategy was utilized as a virtual SG that controlled the input and 

output power of the EVs. In [152], through the consideration of V2G and EV’s 

charging demand, frequency regulation of the microgrid can be controlled by an 

autonomous energy management system. In [153], a PI controller is utilized to 

estimate the frequency stabilization due to the power flow deviation between the 
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generation sources and load demands in a real-time operation of the microgrid. 

Rahmat Heidari et al. [154], studied the inverter frequency control problems with 

primary and secondary frequency response of the microgrids. The frequency 

properties can be secured, as highlighted by the study, without proposing a specific 

time-scale separation, as well as an ultimate circumscribing in regard to the 

mismatch between demand for power and generation of power at each inverter bus. 

Although sophisticated requirements would need to be met in order to ensure 

stability, the inadequate coverage provided by the utility grid in isolated areas can 

be mitigated by operating the microgrids permanently in islanded mode [5, 80]. N. 

Rezaei et al. [155], proposed ancillary service demand for the standalone microgrid, 

as well as a new frequency management approach which, based on both the 

economic policies, and the environmental policies, has led to the active 

participation of the customers. Whereas, in [156], a frequency control strategy 

proposed isolated microgrids based on two controllers (both droop control as well 

as virtual synchronous generator control). These two suggested controllers (droop 

and virtual synchronous generator) are interactive, offering live operation of the 

microgrids due to the diversity in their reaction speeds. An energy management 

method, which was multi-objective, was proposed in [157], and relied on the Nash 

equilibrium strategy to formulate frequency security and energy management of an 

isolated microgrid, as well as implementing a comprehensive analysis method in a 

standalone microgrid which will be operated over a period of 24 hours. A developed 

energy management system was introduced in [158] for a standalone microgrid to 

improve the power system stability in a cost-effective manner. The proposed energy 

management method relied on the exact energy of the DERs of the standalone 

microgrid by using a droop controller to manage the possibilities of the frequency 

excursions.   

With the development of energy materials, however, the energy storage 

devices are being broadly utilized in the power grid as an alternative possibility for 

stabilizing the frequency response of the microgrids. Energy storage has a 

significant participation in enhancing the system stability, particularly with high 

penetration of NS-RES. In [159], a high-speed inertia of the BESS was conducted 

by implementing one machine power system model with several inertial controllers 

gains, as well as different sizes of disturbances. However, the authors in their study 

ignored the BESS sizing and considered it as a fixed size. In [160], a comparative 
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analysis conducted to study the effect of the BESS large-scale utilization and 

distribution that has the same size capacity on the IEEE 16-machine network. The 

study, however, did not reveal details about the methods that were conducted to 

determine the BESS power and energy. As addressed in [161], regulation strategies 

for the primary control reserve were modelled in regard to BESS, with new methods 

of analysis and assessment of the performance of the energy storage systems of 

frequency response services provided in [104]. 

As seen in many previous approaches, when determining the variability of 

renewable generation, both on the impacts on the overall system responses, as well 

as influence of BESS size on the system inertia and frequency response, were 

systematically ignored in regard to microgrids. This study aims to provide an 

approach for sizing BESS which is probabilistic and is proposed from the 

perspective of the transient responses to various disturbances of the entire system. 

With the purpose of mitigating both the impact which large-scale renewable energy 

penetration on nadir (lowest post-disturbance frequency), as well as the most severe 

contingency of steady-state deviation in the system generation and load outages, 

this study demonstrates optimum BESS sizing. 

6.2.2 Contributions 

In the interconnect mode of microgrids, the concern about frequency and 

voltage deviation are less, because of the main utility grid controls and maintains 

the microgrids’ voltage and frequency within a tight permissible range. However, 

the case is different with standalone microgrids where the grid suffers from high 

penetration of NS-RES, unbalance between generation and load demands. As a 

result, the standalone microgrids’ frequency suffers from rapid deviation, especially 

with low inertia and short-time period of the local generation sources to recover the 

faults. Therefore, in the islanded microgrid controlling the frequency responses is 

an essential task that requires sufficient and fast reserve actions against the power 

faults. 

Consequently, this paper goes beyond the state of the art in microgrid studies by 

presenting a novel sizing method for the BESS that participates for recovering the 

frequency deviations in standalone microgrids within a short time. Furthermore, a 

coordinate control strategy scheme for BESS is utilized for frequency control. 

During the control stage of the frequency, the energy exchange of BESS does not 

have a significant impact on the State of Charge (SoC) limits. Therefore, SoC limit 
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violation is not significantly critical in the method proposed by this study. 

Implementing a robust BESS control into the frequency deviations will provide an 

opportunity for using a small size of BESS for recovering the large unbalance power 

in microgrids. The effectiveness of the method proposed by this study was verified 

against an analysis of a real case study based in Australia. The proposed standalone 

microgrid assumed to be in the steady state condition and only balanced 

fault/tripping will be applied to provoke a frequency event. The thermal losses, as 

well as any other losses are out of the scope of this study, therefore, no consideration 

for the efficiency evaluation is provided.  

The main contributions of this study are summarized as below: 

1) Implementing a developed sizing methodology and control strategy scheme 

for enhancing and controlling the stability of the standalone microgrids; 

2) Developing a dynamic standalone microgrid model for the disturbances 

related to generation failures and sudden drop in load demands; 

3) Implementing a dynamic analysis to evaluate the grid frequency response 

by using a real-time simulation (DISILENT PowerFactory) under high 

deployment level of renewable energy sources; 

4) Determining the frequency deviations of the standalone microgrid under 

different range of BESS capacity until the frequency response satisfies a 

pre-defined criterion conditioning on the disturbance occurrences; 

5) An evaluation of impacts in regard to the different parameters on the 

operation of microgrids was prompted by the use of numerical results 

generated by real case study data from Australia, which provided perception 

and awareness into the investment policies, and the development of, made 

for standalone microgrids. 

In regard to the structure of the paper, it follows that Section 6.2 considers the 

microgrid of Flinders Island in Australia and demonstrates the load profiles within 

the system configuration. The impact on the frequency control upon the 

introduction of renewable energy sources is described in Section 6.3. The modelling 

of the microgrid simulation model, as well as all components, are seen in Section 

6.4. The mathematical explanation and models for the Grey Wolf Optimization and 

sizing technique can be found in Section 6.5. Section 6.6 presents the numerical 

results, as well as data analysis. The conclusions drawn from this study are 

presented and summarized in Section 6.7.  
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 Flinders Island Power Grid Case Study 

In order to investigate the proposed sizing method in this work, a real case 

study in Flinders Island, Australia has been considered. The Furneaux group of 

islands are found in the Bass Strait, which are located between the northern tip of 

Tasmania, Australia and Melbourne, Australia, of which Flinders Island is the 

largest. Figure 6-1 shows the location of the island and generation sources of the 

island considered in the case study. The iconic location of the island attracts heavy 

tourism, resulting in the swelling of the population by upwards of 800 people during 

the warm summer months. As well as the estimated 4,000 visitors to Flinders Island 

each year, many essential industries thrive, including agriculture (beef, sheep and 

wool, wallaby, horticulture and wine), as well as fishing for crayfish and abalone 

[162, 163]. 

Both the high price of diesel fuel to power generators in remote areas, as well as the 

increasing load demand, contribute to increasing the operating costs on the island, 

increasing the need for maintenance, as well as increasing the need for new 

infrastructure developments. The utilization of renewable energy sources (such as 

solar, wind, wave, and tidal) aim to positively contribute to the quality of life on the 

island [162]. This study does not consider power produced by wave energy, due to 

the fact that the conversion is not mature enough in comparison to wind, tidal, and 

solar energy systems [162]. 

 

Figure 6-1. Location of Flinders Island and available generation sources 
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6.3.1 Load and Weather Profiles 

For this study, the real load demands on Flinders Island in 2012 were 

examined. The data was collected through Australian institutes and companies, 

such as Hydro Tasmania and the Australian government’s Bureau of Meteorology. 

According to the real load profile, which is demonstrated in Figure 6-2 [164]. 

courtesy of Hydro Tasmania, the maximum load reported throughout the year is 

estimated at 1.024 MW and the minimum load reported is 55 kW. This high level 

of variance demonstrates that either a surplus of energy or an energy shortage is 

possibilities for the microgrid. Demonstrated in Figure 6-3 is the wind speed profile, 

courtesy of the Australian government’s Bureau of Meteorology, where it can be 

seen that 80% of the wind speed is between 8 ms-1 and 25ms-1, meaning that it is 

within range of  the cut-in and cut-out speeds of wind turbines [165].  

 

Figure 6-2. Load profile of the Flinders Island 
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Figure 6-3. Wind speed profile of the Flinders Island 

The tidal current speed profile is measured at a location where the highest 

tidal power density occurs, which, in the case of this study, is the Banks Strait near 

Flinders Island. The profile seen below, in Figure 6-4, is courtesy of the Australian 

Maritime College (AMC) [102] and depicts the probability of tidal current speed in 

the Banks Strait for one year [102]. Figure 6-5 demonstrates an annual view of the 

solar irradiance present on Flinders Island, which was also obtained from the 

Australian government’s Bureau of Meteorology[165]. The load demand 

specifications, as well as renewable energy resources can all be found in Table 6-1. 

 

Figure 6-4. Tidal current profile of the most energetic site in Banks Strait 
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Figure 6-5 Solar irradiance on Flinders Island 

Table 6-1. Renewable energy resources and load demand specifications 

NS-RES and Load Demand Minimum 

Value 

Mean 

Value 

Maximum Value 

Load demand 55 kW 422.8500 1024 kW 

Wind speed 0 (m/s) 24.84 (m/s) 78 (m/s) 

Tidal current 0 (m/s) 1.54 (m/s) 4.42 (m/s) 

Solar irradiance 0 (kW/m2) 0.18 (kW/m2) 1.21 (kW/m2) 

  Impact of the Renewable Energy Sources on the Frequency Control 

With increasing demand on renewable energy sources, frequency control 

becomes an essential part of the microgrid power system operation, which aims to 

maintain the frequency response within specified limits [156]. Frequency control 

refers to the ability of the power system to arrest and stabilize the grid frequency 

deviations under an imbalance between power generation and load demands [166]. 

The frequency control approach in microgrids power system supporting with 

conventional generators, which can be divided into two stages as shown in Figure 

6-6. In the first stage, the frequency controllers of the microgrids power system 

have not yet been active. Therefore, the conventional generators will work to absorb 

or release their kinetic energy in order to cope with frequency deviations, this stage 

is named as inertia response. Inertial response entirely depends on the stored kinetic 

energy of the synchronous generators rotor, which influences the rate of frequency 

deviations [140, 145]. Whereas, in the second stage, the frequency is stabilized and 
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restored to the nominal frequency limit by utilizing primary control (governor 

action), and then the secondary frequency controller, respectively. The controllers’ 

response involves the active power regulation of generators of the automatic 

generation control (AGC) which restores the system frequency to its nominal value 

within a minute [167, 168]. In the following sections, the impact of integrating 

renewables energy on both stages is described. 

 

Figure 6-6. Timescale of frequency response stages of the generation outage [169]   

6.4.1 Impact of System Inertia on Frequency Response 

In the electrical power system steady state, the total generation production 

equals the total system load demands, which included the lines losses. However, in 

some cases, such as a sudden drop in power system generation, load changes or 

high penetration of renewable energy sources will lead to the total amount of the 

stored kinetic energy in generators rotating mass the motors are changed. In turn, 

these changes will lead to frequency deviation which can be formulated as follows 

[170]:  

𝑑𝐸𝐾𝑖𝑛
𝑑𝑡

≈ 𝐽𝑓0
𝑑𝑓

𝑑𝑡
≈ 𝑃𝑔 − 𝑃𝑙 (6.1) 

where EKin is the kinetic energy stored in a synchronous machine which connected 

to the grid directly. Whereas f represents the grid frequency, f0 is the nominal 

frequency value, and J represents the total system inertia. However, due to the 

limitation of the generator outputs (Pg) to increase immediately and cope with the 

sudden changes, the variation of the initial frequency response can be determined 
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by the stored amount of the kinetic energy of the system inertia J. In this study two 

essential characteristics that related to the frequency response are examined: the 

inertial constant (H) and power/frequency characteristic (λ). The definition of the 

inertia constant of the synchronous machine can find in [171] as:  

𝐻 =
𝐸𝐾𝑖𝑛
𝑆𝑟𝑎𝑡𝑒𝑑

=
1

2
×
𝐽 × 𝜔2

𝑆𝑟𝑎𝑡𝑒𝑑
 (6.2) 

where ω is the rotational speed of a synchronous machine, and Srated is the normal 

power rating. In the power system with multiple numbers of generating units (n), 

the equivalent inertia constant of the system (Hsys) can be calculated as follows:  

𝐻𝑠𝑦𝑠 =
∑ 𝐻𝑖 × 𝑆𝑖
𝑛
𝑖=1

𝑆𝑠𝑦𝑠
 (6.3) 

where Hi and Si represent the inertia constant and nominal power of the i-th 

generation units, respectively, whereas, Ssys represents the specific rating of the 

power system. The difference between the active power of the generation units (Pg) 

and the system load demands (PL) can be represented in the swing equation. The 

swing equation represents the relation of the system inertia constant to the rate of 

change of frequency (ROCOF,
𝑑𝑓

𝑑𝑡
) according to the nominal value of the frequency 

(f0) as well as the power deficit (∆Pb) as shown below [171]:  

2𝐻𝑠𝑦𝑠

𝑓0
∙
𝑑𝑓

𝑑𝑡
=
𝑃𝑔 − 𝑃𝑙

𝑆𝑠𝑦𝑠
=
∆𝑃𝑏
𝑆𝑠𝑦𝑠

 (6.4) 

The droop constant (R) shows the relation between the power and frequency of the 

generating unit speed governor which can be defined as following [172]: 

𝑅𝑖 = −
∆𝑓

𝑓0
/
∆𝑃𝑖
𝑆𝑖

 (6.5) 

At the system level, the steady-state frequency error related to the power/frequency 

characteristic (λ) which be estimated by the following equation [172]:  

λ = −
∆𝑃

∆𝑓𝑠𝑠
=∑

1

𝑅𝑖
∙
𝑆𝑖
𝑓0

𝑛

𝑖=1

 (6.6) 

where ∆fss represents the steady-state frequency that differs from the nominal 

frequency (f0) during the active power demand (∆P) changes, whereas, Ri is the 
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droop and Si is the nominal power of the i-th generation unit. These characteristics 

help to determine the fundamental estimation of the frequency response in 

microgrids, directly after the unbalance in the active power within a short time 

period. Nevertheless, the scope of this study is to investigate the inertia response 

(IR) and primary frequency response (PFR) that provided from the BESS. In 

addition, this study deals with the power outage and the frequency fluctuation, 

based on that the ROCOF is expressed and used as an absolute number with the 

meaning rate of frequency changes.   

6.4.1.1 Rate of Change of Frequency Response and Steady State Frequency 

The instantaneous power deficit and the observation of frequency fluctuation 

are usually caused by the generation and load contingencies. The initial ROCOF 

and ∆fss can be calculated theoretically by using (6.4) and (6.6) accordingly. Due to 

the continuous variation of these characteristics over the time, however, the worse-

case results from the severe outage are considered in microgrid design. 

Alternatively, when the data measurement is provided from the field measurements, 

𝑑𝑓

𝑑𝑡
 and ∆fss can be numerically estimated, and then the effective values of H and R 

can be estimated as well. In this study, these measurements are provided from real 

time simulation.  

In addition the metrics of the frequency response in this study are related to 

the operational requirements and grid codes [173, 174]. Therefore, the 
𝑑𝑓

𝑑𝑡
 is 

essential in connected with ROCOF protection relays and it should be no bigger 

than the operational frequency code. Due to ROCOF relay has a typical delay that 

ranged between 50ms to 500ms and measuring windows from 40ms to 2s [175]. 

The minimum acceptable instantaneous frequency after the generation contingency 

(fmin) is 48Hz [174]. In a certain period, the lower frequency will cause an 

instantaneous instability to microgrid power system operation. Based on that, 

specific requirements will need to be recorded, as well as its variation between 

countries.  

6.4.2 Operational Reserve 

As a result of the complexity seen in the microgrid, the power system is 

structured hierarchically. Therefore, the frequency control is designed in three 

different timescales named: a decentralized primary controller that restores the 

frequency balance within a few seconds, then followed by centralized secondary 
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frequency controller which restores the nominal frequency within minutes. In 

comparison, the tertiary frequency controller periodically maintains the optimum 

dispatch within the hour that follows the initial disturbance, as seen in Figure 6-7. 

In a microgrid power system operation, the primary frequency controller 

implemented by means of the traditional power plants governors help to detect the 

frequency deviation. Therefore, to recover the frequency deviation, the turbine 

inputs of the conventional power generation need to adjust. Figure 6-8 illustrates 

the structure of a primary frequency controller which consist of a generator, load, 

prime mover and governor.  

 

Figure 6-7. Block diagram of a primary frequency controller 

As shown in Figure 6-7, the general meaning of the governor block can be 

represented by time constant τg and droop constant (R). The droop constant can be 

defined as the changing in speed divided by the power changing as shown below: 

𝑅 =
∆𝜔

∆𝑃
 

 

(6.7) 

The governor input (∆Pg) is the change of the setpoint reference of the power, minus 

the feedback signal of the system as shown below:  

∆𝑃𝑔 = ∆𝑃𝑟𝑒𝑓 (𝑠) −
∆𝛺(𝑠)

𝑅
 

 

(6.8) 

The block diagram of the turbine represents the simplest model of the non-reheat 

steam turbine that can be designed by utilizing a single time constant (τT), and the 

output turbine represents the mechanical power adjustments (ΔPm). Whereas, the 

system load demand can be formulated as follows  

∆𝑃𝐿 = ∆𝑃𝑒 +𝐷∆𝜔 

 
(6.9) 
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where, ∆Pe represents the non-frequency sensitive load demands, and D∆ω is the 

sensitive load demands. The generator is modelled by the rotating mass and load 

block with input (∆Pm- ∆PL) and output ∆Ω(s) [176]. 

Alternatively, the secondary frequency controller helps to maintain the 

frequency to its nominal value. Therefore, to establish the secondary controller in 

generating units, an integral block is added to the control system as shown in Figure 

6-8. The controller gain (KI) has the ability to adjust based on the transient response. 

 

Figure 6-8. Block diagram of the secondary frequency controller of the power system  

 Case Study Simulation Modelling 

6.5.1 Flinders Island Power System Modelling 

Both the capability of the proposed sizing method, as well as the BESS 

control strategy, in maintaining the microgrid frequency stability, were investigated 

through the use of the real case study of the Flinders Island power plant. As a result 

of the challenges faced when connecting the island to the main power grid based in 

Tasmania, the microgrid works in off-grid mode and is powered by a myriad of 

sources, including diesel generators, renewable energy sources (namely wind 

generators and PV), as well as Lithium-ion battery bank, all of which are 

demonstrated below in Figure 6-9 [162]. 
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Figure 6-9. Flinders Island microgrid layout 

The power station based on Flinders Island is powered primarily through the 

use of diesel generators with different capacities. Due to the high occurrence of 

strong winds, in 1988 wind generation systems were also included which had a total 

capacity of 1.2 MW in 2012. As well as diesel and wind, photovoltaic panels (PV) 

have a total capacity of 175 kW, therefore playing an important role in meeting load 

demand. The below table 6-2 illustrates the current generation sources in the island. 

Due to the excellent source of tidal energy surrounding Flinders Island, another 

source of renewable energy which can be considered is a tidal generator, as shown 

in Figure 6-10.  

Table 6-2. Flinders Island microgrid generation sources 

Source Manufacturer Type Power rate 

(kW) 

Wind Turbine 1 Enercon AERO E-30 300 

Wind Turbine 2 Enercon AERO E-44 900 

Diesel Generator 1 Caterpillar - 728 

Diesel Generator 2 Caterpillar - 728 

Diesel Generator 3 Caterpillar - 360 

Diesel Generator 4 Caterpillar - 1200 

Battery Toshiba Lithium-ion 500 

Solar Panels  - 175 



Page | 132  

 

 

Figure 6-10. Proposed system configuration of the Flinders Island microgrid 

The microgrid system existing on Flinders Island is classified as more 

complicated than a traditional system, due to the many different characteristics 

represented within the different distributed energy resources. This high level of 

complication is due to the independent power system having a small equivalent 

inertia constant, which can result in slight disturbances creating large frequency 

deviation. The case study model of the Flinders Island microgrid was created and 

run in the 2018 SP2 version of PowerFactory, which was developed by DIgSILENT 

GmbH. The optimization and analysis of the data for and from PowerFactory has 

been conducted using MATLAB. 

Flinders Island dynamic model has been modelled for the purpose of 

controlling and maintaining the grid stability. The power system used in the 

simulation consists of four conventional diesel generators, two wind turbine 

generators, Photovoltaic panels and tidal turbine generator. All the devices 

mentioned above are amalgamated through appropriate power conversion systems 

(power electronic converters) to an AC bus, resulting in the voltage of the AC 

distribution bus being 11 kV and the system frequency being 50 Hz. The grid model 

in the DIgSILENT/PowerFactory simulation is shown in Figure 6-11. In addition, 

in order to develop the Flinders Island power system model and investigate the 
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model behaviour and stability, RMS/EMT simulation function has been used in the 

DIgSILENT PowerFactory simulation. RMS/EMT considers one of the most 

significant functions in PowerFactory simulator for transient stability studies as 

well as for evaluation of control systems. 

 

Figure 6-11. DIgSILENT/ PowerFactory Flinders Island power system model 

 Battery Energy Storage System Modelling 

6.6.1 Description 

Due to the growing share of multiple NS-RES in microgrids power systems, 

the stability of the grids imposes challenging frequency control, because of the 

reduction of system inertia and primary frequency response of the power system. 

During the event of a contingency, Battery Energy Storage Systems (BESS), with 

robustness controllers, present the perfect solution due to their capability to meet 

high ramp rate requirements as well as their exceptionally fast-acting characteristics 

[177]. Many energy storage technologies have been developed for large-scale 

applications such as pumped-hydro storage, compressed-air energy storage or 

flywheels; whereas many other energy storages have limited dependence, capacity, 

or response capabilities. BESS is one of the pioneer energy storage technologies 

that is modelled from static elements to increase the dynamic response speed 

compared to other typical generators or storage devices [178, 179]. BESS is a 
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storage technology that absorbs the electrical power during the periods of excess 

power and releases its power later during the power deficiency. These 

characteristics, as described above, allow BESS to be utilized in various microgrid 

power system applications [180]. However, utilizing the BESS without an 

appropriate controller is a major problem in power system design which leads in 

some cases to the system failure. Therefore, using an appropriate controller along 

with BESS model is essential in a power system, which helps BESS react rapidly 

to the sudden changes of active and reactive power in both directions, by absorbing 

or injecting power based on the frequency excursions. Accordingly, BESS has been 

mainly implemented for load levelling, peak shaving as well as maintaining the 

technical requirements of frequency control [178].  

6.6.2 Battery Energy Storage System Simulation Model 

Taking into account safety, reliability, cost, size, life cycle, and overall 

management; modelling BESS based on the microgrid power system presents 

unique challenges. Moreover, the charging and discharging process of BESS is 

characterized by the reversible reaction, which dynamically changes parameters 

such as the State of Charge (SOC), terminal voltage, internal resistance, and 

temperature. Consequently, no accurate electrical battery model serves all the 

purposes of all the existing commercial batteries. The basic structure of the BESS 

model is shown in Figure 6-12. The BESS model consists of the following 

components: (a) energy storage model which is developed to store/restore energy 

that utilizes the electrochemical conversion; (b) power electronic converter model 

(inverter/rectifier), which is essential to transform the DC-voltage from the energy 

storage part to the AC-voltage conditions and vice versa; and (c) a set of controllers 

that set up the connection between the energy storage, power converter, and 

network. Table 6-3 lists the BESS parameter values that implemented in 

DIgSILENT/PowerFactory simulation.  
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Figure 6-12. Block diagram of BESS structure 

Table 6-3. BESS parameters values 

BESS Parameters Value 

State of charge at initialisation 

[int] 
0.8 

Capacity per cell [Ah] 80 

Voltage of empty cell [V] 12 

Voltage of full cell [V] 13.85 

Amount of parallel cells [int] 60 

Amount of cell in row [int] 65 

Intern resistance per cell [Ω] 0.001 

6.6.3 BESS Frequency Control 

In the microgrid power system, the frequency control process supported by 

BESS with high penetration of NS-RES, becomes an essential technique regardless 

of the power system complexity. However, in small microgrids with a limited 

number of generation units, one centrally controlled BESS is commonly used 

together with a dump load [181]. Whereas, complex microgrids with multiple 

generation units and BESS, as shown in Figure 6-13, the frequency control process 

will have multiple stages.  
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Figure 6-13. Microgrid frequency control process 

In islanded microgrids, BESS is controlling the microgrid system frequency 

response and, at the same time, providing ancillary services, such as voltage control, 

harmonics compensation, or local load protection [182, 183]. In this study, the 

BESS model along with the BESS controller work to enhance the system frequency 

response by supporting the system inertia as well as the primary frequency, which 

is, in turn, buys more time for the conventional generators to recover the system 

frequency during contingency events. In other words, the BESS and the controller 

technique are utilized to support the microgrid frequency and improve the microgrid 

operations in terms of the stability and security of supply. The measurement of the 

system frequency is through the phase-locked loop (PLL). Depending on the setting 

of the frequency threshold (fTH), either frequency triggering or delayed triggering 

will be the result of utilizing only the magnitude of the system frequency as a trigger 

of the deviation signal. In this study the system threshold set to 52Hz in the 

microgrid modelling simulation.   

Should a situation arise in which a frequency deviation signal is received, the 

control is switched to emergency control mode, meaning that the curtailing of the 

BESS power output is effective without any time delay. Once a duration of time 

has passed, the frequency droop control mode is activated. The determination of 

how much power should be curtailed from the BESS for the microgrid, therefore, 

is critical to mitigating any emergency. Thus, the size of the BESS is integral. 

Should the curtailed power be low, the effect of lowering the system frequency may 

not be immediately apparent, while the frequency may degrease both dramatically 

and excessively if the curtailed power is high. Therefore, selecting the optimal size 
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of BESS is essential. Figure 6-14 shows the proposed BESS controller layout in 

DIgSILENT/PowerFactory. 

 

Figure 6-14. Conceptual layout of the proposed BESS controller in DIgSILENT PowerFactory 

As seen in Figure 6-15, the components of the BESS’ control are the current 

reference generation as well as the current controller. The current reference 

generation determines d–q reference currents (Id-ref, Iq-ref) based on the desired value 

of frequency, voltage, and instantaneous values of active and reactive powers. The 

current controller generates d–q voltage references (Vd-ref, Vq-ref) using errors 

between d–q current references (Id-ref, Iq-ref), and the measured d–q current (Id, Iq) 

which is controlled by using two PI controllers as shown in Figure 6-16. However, 

through a transformation from d–q to abc form, the three-phase reference voltage 

signals of PWM should be determined.  

SoC of the battery is the instantaneous value of the battery energy which is 

calculated by the state of charge estimator as shown in Figure 6-17. In the proposed 

BESS control scheme, the usage of SoC in the regime of frequency control does not 

violate the limitation. Therefore, the SoC evaluation does not need to be more 

accurate, and can be estimated based on the power-based equation, as shown below 

[184, 185] 

𝑆𝑂𝐶(𝑡) = (𝑆𝑂𝐶𝑡0 − ((
∫ 𝑖𝑏𝑎𝑡(𝑡)𝑑𝑡
𝑡

𝑡0

𝑄𝑁
)) × 100% (6.10) 

 

∆SOC(t) =
1

𝐸ℎ
∫𝑃𝐵𝐸𝑆(𝑡)𝑑𝑡 (6.11) 
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where SoCt0 is the initial state of charge of the battery once the simulation has 

started, and been taken as a reference value for coulomb counting. QN is the rated 

battery capacity (Ah), and ibat is the battery current which can discharge current 

with a positive value or charging current with a negative value. Whereas E is the 

nominal energy capacity of a battery (Wh), PBES is the battery power, and h is a 

constant used for converting the time from hours to seconds. However, in order to 

protect the BESS, the minimum SOC is set to 20% of battery capacity. 

 

Figure 6-15. BESS controller block diagram 

 

Figure 6-16. BESS current controller block diagram 

 

 



Page | 139  

 

 

Figure 6-17. Proposed block diagram of BESS charging control 

6.6.3.1  Primary Frequency Reserve Control 

The PFR control follows the AEMO definitions and standards of Australian 

continental [173, 174]. The nominal frequency of this study is set to 50Hz. The PFR 

is activated, when frequency deviation exceeds the nominal value. The total PFR 

has to be linearly deployed within 30s of the frequency deviation. The PFR should 

have the ability to provide service for at least 15 minutes. Therefore, in order to 

enable the BESS participation in the PFC, a droop control technique incorporated 

with the BESS active power control loop of the power conversion system. The 

droop RBESS is set to 0.004 in order to deliver the BESS nominal power during the 

frequency deviation. 

6.6.3.2 Inertial Response Control and Effective Inertia Contribution 

BESS’s inertia response contribution in the dynamics power system 

frequency can be assessed by reformulating the swing equation into BESS inertial 

constant (HBESS) as follows: 

𝐻𝐵𝐸𝑆𝑆 =
𝑃𝐼𝑅 × 𝑓0

2
∙ (
𝑑𝑓

𝑑𝑡
)
−1

 (6.12) 

If the influence of the frequency deadband is neglected, then the inertial response 

is proportional to the rate of change of frequency 
𝑑𝑓

𝑑𝑡
 as follows: 

𝑃𝐼𝑅 =
𝐾𝐼𝑅

(1 + 𝑠𝜏1) ∙ (1 + 𝑠𝜏2)
∙ (
𝑑𝑓

𝑑𝑡
) (6.13) 

where τ1 and τ2 are filtering time constants of 0.05s each. If these time constants 

are ignored, eq. (6.13) can be further approximated as: 
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𝑃𝐼𝑅 ≈ 𝐾𝐼𝑅 ∙ (
𝑑𝑓

𝑑𝑡
) (6.14) 

Thus, the inertial response can be approximated by a gain, KIR as long as PIR ≤ 1 

pu. Therefore, KIR can be initially estimated according to the desired BESS 

response. For instance, if the BESS has to provide the nominal power for 
𝑑𝑓

𝑑𝑡
 = 0.5 

Hz/s, then the KIR has to be equal to 2. The value of HBESS is dependent on the IR 

control gain KIR. For high values of KIR, the BESS output power might get limited 

to its rated capacity |PIR| ≤ 1 pu, the corresponding inertial constant would be lower. 

Thus, from (6.12) and (6.14) the inertial constant HBESS can be approximated as: 

𝐻𝐵𝐸𝑆𝑆 =

{
 

 
𝑓0
2
∙ 𝐾𝐼𝑅 , for |𝑃𝐼𝑅| ≤ 1

𝑓0
2
∙ (
𝑑𝑓

𝑑𝑡
)
−1

, for |𝑃𝐼𝑅| > 1

 (6.15) 

Thus, based on (6.15) the HBESS remains constant, as long as PIR ≤ 1 and it starts 

to decrease for high values for |
𝑑𝑓

𝑑𝑡
| when PIR ≤ 1. 

 Optimization and Proposed Approach 

In order to improve the stability of microgrids with high penetration of 

renewable energy sources, the optimal size of BESS (power and energy ratings) is 

set as the objective of the proposed optimization and the sizing approach for 

meeting the frequency operating standard.  

6.7.1 Grey Wolf Optimizer Approach 

As the proposed by [41], the most powerful meta-heuristic algorithm is the 

Grey Wolf Optimizer (GWO), which has the ability to solve unique and 

complicated problems, as well as competing with other algorithms such as PSO, 

GA, and many others [80, 186-188]. The inspiration for GWO were the grey wolves 

of the Canidae family, which are apex predators. The pack of wolves, usually about 

five to 12 members, are led by the alpha male who is responsible for the pack as a 

whole. The rank below the alpha male is held by the beta: a wolf who is responsible 

for reinforcing the instructions of the alpha, as well as delivering feedback on the 

pack back to the alpha. The lowest level in the hierarchy of the pack is held by the 

elder wolves; usually scouts, sentinels, hunters, or caretakers. These wolves are 

known as the delta. Figure 6-18 illustrates the social dominant hierarchy of the grey 
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wolves. The GWO mathematical formulation steps for hunting the prey are 

explained in next sub-section. 

ε

α

β

δ

Alfa Wolf

ω

Beta Wolf 

Delta Wolf 

Omega Wolf 

Highest Priority Wolfs

Lowest Priority Wolfs

 

Figure 6-18. Dominance hierarchy of grey wolves’ pack 

6.7.1.1 Mathematical Formulation of the Grey Wolf Optimizer 

The behaviour of grey wolves can be expressed in mathematical terms, where 

the ideal answer proposed by the GWO algorithm is that which correlates to the 

alpha (α) wolf position. Therefore, it logically follows that the second and third best 

answers proposed by the algorithm are beta (β) and delta (δ) respectively. Any 

alternative solution proposed in regard to the optimization problem is therefore 

classified as omega (ω). The hunting of prey by the pack has several tricky 

procedures, such as tracking, chasing, and encircling, all of which have to be 

executed exactly in order to create the conditions for the perfect hunt. The 

mathematical formula which demonstrates the encirclement of the wolves’ prey is 

as follows: 

𝐷→ = |𝐶→. 𝑋𝑝
→(𝑡) − 𝑋→(𝑡)| (6.16) 

 

X→(t + 1) = Xp
→(t)−A→. D→ (6.17) 

where 𝐴→ and 𝐷→ are the vector coefficients, 𝑋𝑝
→ is the vector location of the prey, 

t is the current iteration, and 𝑋→ is the location vector of a grey wolf. Finding the 

coefficient vectors of  𝐴→ and 𝐶→ aids in obtaining the encircling equations: 

𝐴→ = 2𝑎→. 𝑟1
→ − 𝑎→ (6.18) 

 

𝐶→ = 2. 𝑟2
→ (6.19) 
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a = 2 − t ∗
2

maximum iteration
 (6.20) 

where 𝑎→ is linearly changed from 2 to 0 during the algorithm iterations, and r1 and 

r2 are random values between (0, 1). The wolves update their positions during 

hunting, and therefore the updating procedures of the GWO algorithm, according 

to the following sets of equations:  

 DAlpha
→ = |C1

→. XAlpha
→ − X→| (6.21) 

 

 DBeta
→ = |C2

→. XBeta
→ − X→| (6.22) 

 

 DDelta
→ = |C3

→. XDelta
→ − X→| (6.23) 

The determination, according to the alpha, beta, and delta, of the vector positions 

of the prey use the following equations: 

 𝑋1
→ = |𝑋𝐴𝑙𝑝ℎ𝑎

→ − 𝐴1
→. 𝐷𝐴𝑙𝑝ℎ𝑎

→ | (6.24) 

 

 𝑋2
→ = | 𝑋𝐵𝑒𝑡𝑎

→ − 𝐴2
→. 𝐷𝐵𝑒𝑡𝑎  

→ | (6.25) 

 

 𝑋3
→ = |𝑋𝐷𝑒𝑙𝑡𝑎

→ − 𝐴3
→. 𝐷𝐷𝑒𝑙𝑡𝑎

→ | (6.26) 

 

 
𝑋→(𝑡 + 1) =

𝑋1
→ + 𝑋2

→ + 𝑋3
→

3
 (6.27) 

Parameter A defines the grey wolf agents as either exploration or exploitation. If 

half of the iterations are devoted to exploration, Parameter A is (|A|≥1). If half of 

the iterations are devoted to exploitation, Parameter A is (|A|<1). The pseudo-code 

of the GWO algorithm is presented in the following form. 
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GWO Algorithm 

(i=1, 2… n) iXion Initialize the locations of the grey wolf populat 

Initialize a, A and C 

Calculate the objective function value for each grey wolf agent 

Set: Xα as best result of the search agents  

Xβ as the second-best result of the search agents 

Xδ as the third best result of the search agents 

While (t<max number of iteration) the termination criterion is not satisfied 

do 

Initialize r1 and r2 values 

Update A by equation (6.18) 

Update C by equation (6.19) 

Update a by equation (6.20) 

For i  

For j 

Update the positions of each grey wolf agent by using equations (6.21)-

(6.27) 

End j 

End i 

Calculate the fitness of all agents with the new positions 

t=t+1 

End while 

return Xα 

6.7.2 Sizing Technique Implementation with GWO Algorithm 

In this study, the grey wolf algorithm is employed for optimizing the 

microgrid BESS optimal size problem, whereas, the power system and controllers 

are implemented using DigSILENT\PowerFactory simulation. The advantages of 

the GWO is the high level of robustness, as well as the ability to deal with high 

dimensional, non-linear, and non-convex problems, all of which make this meta-

heuristic algorithm the ideal tool to cope with frequency deviation issues. In the 

proposed algorithm, the search agents and candidate solutions are encoded in a 

matrix (X), where each element status in the microgrid is represented. Each row 

represents the dispatchable source of the standalone microgrid, whereas each 

column represents the particular time of the day as expressed below: 

[
𝑥1
1 ⋯ 𝑥𝑛

1

⋮ ⋱ ⋮
𝑥1
𝑝

⋯ 𝑥𝑛
𝑝
] 

 

(6.28) 
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where n represents the control variable numbers or search agents’ positions, while 

the population number (grey wolves) is represented by p. The full process is 

repeated from the initializing step for a certain number of iterations until the 

optimum BESS size is located. Since the OR constraints should be met, the penalty 

factor value is considered as 10. Figure 6-19 shows the flowchart of the grey wolf 

algorithm performance for the standalone Flinders Island microgrid. 

Additionally, in this study the GWO method employed the preliminary 

knowledge of the microgrid power system such as system size (Ssys), system inertia 

(Hsys), and power/frequency characteristic (λsys), which targeted the inertia response 

and primary frequency response of the Flinders Island microgrid. Whereas, the 

secondary and tertiary frequency responses are considered to be a high energy 

oriented with a longer time period and are beyond the paper scope. In the proposed 

approach each agent (wolf) was designed to contain four variables e.g. BESS size, 

SoCBESS, frequency range (48.0 to 52.0 Hz), and load demands. These variables 

were evaluated by considering the system frequency response of the standalone 

microgrid as follows: 

𝐹 = 𝐹(𝑀𝑎𝑥. 𝐹𝑟𝑒𝑞 × 𝐾1 + 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐹𝑟𝑒𝑞 × 𝐾2 +𝑀𝑖𝑛. 𝐹𝑟𝑒𝑞 × 𝐾2) (6.29) 

where K1, K2, and K3 are weighting factors are chosen to be 100, 5, and 100, 

respectively. Figure 6-20 shows the proposed methodology for optimizing the 

optimal size of BESS. Whereas, Figure 6-21  shows the determination procedures 

for evaluating the GWO search agents during the algorithm iterations. The BESS 

size that makes F at minimum value will be selected as the optimal BESS size with 

consideration of the search agent variables as listed below:  

Step 1) Divide all the agent variables into maximum and minimum values 

respectively. 

Step 2) For each nominated BESS size, 

- Gradually increase the step size by 50 kWh while F (t+1) < F(t); 

- If F (t+1) > F(t) is identified, decrease the step size by half gradually 

until F (t+1) > F(t); 

- Then increase the step size by 1/4 gradually until F (t+1) > F(t) is 

identified again; 

Step 3) Among all the BESS sizes determined in step (2), find the minimum F that 

obtained by optimal BESS size. 
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Figure 6-19. Flowchart of GWO approach in the microgrid 
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Figure 6-20. Flowchart of the proposed optimal BES size approach 
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Figure 6-21. Sizing approach procedures 

 Results and Discussions 

The validation of the simulation model and the proposed optimization 

approach relied on the case study of the low voltage microgrid based on Flinders 

Island, which had diesel and NS-RES generation sources. Furthermore, the case 

study is modelled by using DIgSILENT/PowerFactory software as shown in Figure 

6-11, in order to assess the frequency stability in the contingency events of the 

Flinders Island microgrid. All the generation units are detailed in Table 6-2. 

According to the Australian Operational Requirements and Tasmanian Frequency 

Operating Standard Review, the grid frequency should be kept within 49.0Hz and 

51.0Hz, under normal operating conditions, whereas, under generation or load 

events, the frequency should be within the range of 48.0Hz and 52.0Hz as the 

minimum transient frequency [41].  

The Flinders Island microgrid is vulnerable to frequency regulation issues, 

due to the lack of interconnections as well as the reduced number of connected 

generation units. As a result of the high operating costs, as well as environmental 

impact restrictions on the installation of new power plants, the future of microgrid 

power systems need to be fuelled in a renewable and sustainable way.  

Concerns around the reliability of the system arise when it can be seen that 

the conventional generators provide either higher inertial response, or the difference 

when using renewable sources is negligible. As the installed capacity of NS-RES 

increases, synchronous units must be dispatched down and eventually shut down 
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when their minimum power output is reached, which reduces the overall power 

system inertia. Therefore, the displacement of a conventional generation with NS-

RES leads to higher ROCOF, i.e., further weakens the ability of isolated power to 

handle contingency events. 

In the determination of the optimal size of BESS, as well as the verification 

of the behaviour of BESS, simulation scenarios based on Flinders Island have been 

conducted. The investigation covers whether or not the power system will be able 

to withstand contingency events, such as the loss of major components. In this work, 

two cases have been developed on the Flinders Island power system in order to 

investigate the frequency response which is impacted by BESS size and BESS 

controller. The cases are categorized as low load and high load demands. Each case 

has been tested with different contingency events, such as generation contingency, 

as well as load contingency. In addition, the simulation cases have been assessed 

by implementing three different scenarios which are analysed and compared. 

The simulation scenarios can be summarized as follows: in the first scenario, 

the case study conducted without the aggregated BESS and NS-RES, where only 

the conventional generation units are used. Whereas, the second scenario, the 

microgrid is accessed by using different configurations with aggregated BESS as 

well as 25% penetration of NS-RES to the existing conventional generation. 

Finally, the NS-RES penetration increased to 50% of the microgrid generation 

units.  

In the effort to determine the optimal BESS capacity, as well as the BESS 

controller performance, several evaluation parameters were set as follows: The 

charging and discharging efficiencies of BESS are both set to 90%; the minimum 

capacity of the BESS is set to 20% from the maximum capacity of each size to 

increase the BESS lifetime, and reduce the depth of discharge. Furthermore, various 

parameters were considered in analysing the frequency response, for instance, Δf0 

(initial frequency deviation), which is determined by finding the difference between 

the initial frequency and the reference frequency after generator contingency. Δfm 

(maximum frequency deviation), which is found through the difference between the 

reference frequency and the overshoot frequency during load contingency. tm is 

defined as the point in time in which the system frequency deviated from the 

reference frequency. Δfs (steady-state frequency deviation), which is determined by 

finding the difference between the reference frequency and the steady-state 
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frequency value post power disturbance. ts is the corresponding time point at which 

the system frequency tends to be stable. Δfm (maximum frequency deviation), which 

is determined by finding the difference between the reference frequency and the 

maximum overshoot frequency value during load contingency. 

6.8.1 Low Load Demands Case 

6.8.1.1 Without BESS 

In this case, a low load demand (240 kW) has been applied on the proposed 

case study to verify the simulation model, and the optimization method with low 

demands during contingency events. The sequel to this study will investigate the 

impacts of the critical scenarios without the aid of BESS. The power system with a 

loss of 728 kW has been considered as a severe case according to the N-1 

contingency for generation outage. The disconnected generation unit has a nominal 

rating of 1500 MVA, and active power 1200 MW in steady-state. The power system 

equivalent value of the initial system droop (Rint-sys) before and after the generation 

contingency based on (6.5) is 0.0006645 and 0.0011052, respectively. Whereas, the 

power/frequency characteristic of the initial system (λint-sys) by using (6.6) is 1.5048 

MW/Hz before the contingency event, and 0.9048 MW/Hz after the contingency 

event. The power assumed to be in a stable condition prior to the power system 

disturbance with Δf0 equal to zero. 

The first stage of the simulation, the power system was run without BESS to 

investigate the frequency response with contingency events (generation and load) 

as well as NS-RES penetrations. Figure 6-22 shows the frequency nadir and 

ROCOF behaviour with zero renewable energy utilization. It is clear from Figure 

6-22 that after the sudden power disturbance at the 30s due to the diesel generator 

trip, the system frequency significantly dropped from the normal value (50 Hz). The 

frequency nadir of the system is outside the frequency operating standard by Δfm 

equal to 9.667 Hz/s and fmin equal to 40.286 Hz at tm 59.22 s. In addition, due to the 

absence of the BESS in this stage, the frequency response is still supported by the 

conventional generators. Therefore, the governors of the conventional diesel 

generators need to respond to this contingency in a short time with an attempt to 

push the system to the steady-state level as shown in Figure 6-22.  

On the other hand, to achieve 25 % of NS-RES power penetration, the base 

power system network was modified by replacing one of the conventional 

generation units with capacity 360 kW by renewable generation units. Four 
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renewable generation units (PV, tidal generator, and 2 wind turbine generators), 

with a total rating power of 360 kW, were connected to the microgrid network. 

Figure 6-23 shows the simulation results of the frequency nadir and ROCOF 

behaviour with 25% renewable energy utilization. As it can be seen from the figure, 

the frequency response is significantly dropped to 27.966 Hz with deviation 21.913 

Hz/s within a 30 second after the disturbance occurred. Whereas, the frequency 

response noticed to be 20.754 Hz with deviation 29.190 Hz/s from the normal 

frequency with 50% NS-RES penetration as shown in Figure 6-24. Furthermore, 

from Figure 6-25 and Table 6-4, it is clear that the fmin and Δfm without NS-RES 

penetration are relatively smaller and faster restoration compared with NS-RES 

penetration scenario as the frequency response getting worsened with increasing 

the NS-RES penetration. The inertia response of the NS-RES is too small, which 

can be negligible due to the high amount of diesel generators inertia in the power 

system, which quickly adjust their output power by the governor in case of 

disturbance, in turn leaving a small space of NS-RES inertia to participate. Table 

6-5 shows the governors response of the diesel generators due to a disturbance in 

the power system. Figure 6-26 illustrates the prony analysis that includes the 

frequency, damping, energy and amplitude during the frequency response during 

the generator contingency. 
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Figure 6-22. Simulation results with zero NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators  

 

Figure 6-23. Simulation results with 25% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-24. Simulation results with 50% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 

 
Figure 6-25. Simulation results comparison of generator contingency. (a) frequency response. (b) 

frequency deviation 
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Table 6-4. Frequency regulation indexes of generator contingency 

Scenarios Δf0 

(Hz) 

fmin  

(Hz) 

|Δfm| 

(Hz) 

fs.s  

(Hz) 

Δfs 

(Hz) 

tm  

(sec) 

ts  

(sec) 

Zero NS-RES 0 40.286 9.667 40.286 9.667 59.772 59.772 

25% NS-RES 0 27.996 21.913 27.966 21.913 60.00 60.00 

50% NS-RES 0 20.754 29.190 20.754 29.190 60.00 60.00 

Table 6-5. Governor performance of the diesel generator during generator contingency 

Scenarios 

 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Min Min Min Max Min Mean Max Min Mean Max 

Zero NS-

RES 0.45 0.41 0.32 0.2 0.21 0.24 0 0.10 0.2 0.3 0.31 0.32 

25% NS-

RES 0.45 0.36 0.16 0.2 0.23 0.30 0 0.10 0.2 0 0 0 

50% NS-

RES 0.60 0.49 0.22 0.2 0.23 0.33 0 0.10 0.2 0 0 0 

 

 

Figure 6-26. Simulation results of prony analysis of frequency response during the generator 

contingency 
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On the other hand, when a severer load failure occurs in a weak power system, 

the system frequency rises suddenly, within a few seconds, because of the low 

inertia as well as the governor's delay of the conventional generators, which may 

lead to failure in the power system. In this study, a microgrid load that represents 

50% of the total loads is cut off at time 30 seconds to simulate the sudden failure of 

the load in the microgrid. Before the cut off, the diesel generators without renewable 

energy sources working to establish the stability of the microgrid. Moreover, the 

power assumed to be in a stable condition prior to the power system disturbance 

with Δf0 equal to zero. However, after the loss of the load, it can be seen that the 

frequency drifts up significantly over the normal frequency value by Δfmax equal to 

0.225 Hz/s and fmax is 50.225 Hz as shown in Figure 6-27. By contrast, the frequency 

nadir and ROCOF behaviour slightly worsen by utilizing the NS-RES. By 

increasing the NS-RES 25% of the total generation units, the frequency response 

rises slightly more in the previous scenario with Δfmax equal to 0.229 Hz/s and fmax 

is 50.229 Hz as presented in Figure 6-28. Whereas, by increasing the NS-RES to 

50% of the total generation units of the microgrid, the frequency system 

immediately go up to fmax is 50.271 at tm 32.230s after the sudden imbalance in the 

power system where the frequency stabilized at ts 59.960 with fs.s 49.870 Hz as 

shown in Figure 6-29. From Figure 6-30 and Table 6-6, when these results are 

compared with the microgrid frequency operating standard limits, it can be 

observed that the frequency response is violated for the fs.s in all scenarios. 

However, the frequency nadir and ROCOF with zero NS-RES scenario is the 

smallest value from the target normal frequency with value 50.225 Hz among other 

scenarios as well as corresponding to the smallest Δfmax. Besides, the short time to 

reach the steady-state condition at ts 59.842s compared with other scenarios. Table 

6-7 shows the governors response of the diesel generators due to disturbance in the 

power system, whereas, Figure 6-31 illustrates the prony analysis. 
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Figure 6-27. Simulation results with zero NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-28. Simulation results with25% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 

 

Figure 6-29. Simulation results with 50% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-30. Simulation results comparison of load contingency. (a) frequency response. (b) 

frequency deviation 

Table 6-6. Frequency regulation indexes of load contingency 

Scenarios Δf0 

(Hz) 

Fmax  

(Hz) 

|Δfmax| 

(Hz) 

fs.s  

(Hz) 

Δfs 

(Hz) 

tm  

(sec) 

ts  

(sec) 

Zero NS-RES 0 50.225 0.225 50.001 0.002 32.402 59.842 

25% NS-RES 0 50.229 0.228 49.991 0.009 32.032 59.918 

50% NS-RES 0 50.271 0.271 49.870 0.13 32.230 59.960 

Table 6-7. Governor performance of the diesel generator during load contingency 

Scenarios 
GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Min Min Min Max Min Mean Max Min Mean Max 

Zero NS-

RES 
0.53 0.45 0.43 0.1 0.2 0.21 0.0 0.16 0.2 0.2 0.28 0.3 

25% NS-

RES 
0.54 0.45 0.31 0.1 0.2 0.25 0.1 0.26 0.4 0 0 0 

50% NS-

RES 
0.69 0.60 0.39 0.1 0.2 0.27 0.1 0.32 0.5 0 0 0 

 



Page | 158  

 

 

Figure 6-31. Simulation results of prony analysis of frequency response during the load 

contingency 

6.8.1.2 With BESS 

According to the Australian Frequency Operating standard/Tasmania, the 

maximum and minimum allowable frequency for the power systems should be 

within the range of 49 Hz to 51 Hz in normal operation, and 48 Hz to 52 Hz in 

network contingencies for 50 Hz system under study was selected as the design 

objectives. The actual contingency size depends on the microgrid configuration. In 

this study, the outage of the generator and accordingly the power deficit of 360 kW 

is considered the significant contingency event. Therefore, to prevent this, a BESS 

with robustness designed controller is added to the microgrid to recover the power 

system as well as to buy more time to diesel generator governors to recover the 

frequency system disturbance. The losses may occur during both the charging and 

discharging of the BESS. Thus, in this scenario, the BESS is considered to deliver 

identical services in the generator contingency, which needs frequency support 

upwards to stabilize the frequency power system. Figure.6-32 shows the frequency 

responses with zero NS-RES penetration with different sizes of BESS. As it is 

obvious from the Figure.6-32 and Table A1, the BESS takes place in supporting 

frequency response during the contingency event. The optimum range of battery 

capacity that copes with case constraints and minimizes the frequency deviation is 

located between (150- 169) kWh. By taking the frequency deviation value as the 

main contributor for selecting the accurate size, it can be seen that the BESS with 
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155 kWh is the optimum size by minimizing the frequency response to the smallest 

value Δfmin (49.825 Hz/s) at tm= 30.482 s, as well as minimizing the frequency 

deviation to Δfm (0.175 Hz/s) compared with other sizes as shown in Figure 6-33. 

Figure 6-34 shows the output power of the BESS controller.  

On the other hand, the system inertia decreases with increasing the 

penetration of renewable energy sources. By increasing NS-RES penetration to 

25% of the total generation units, we observe that the optimum BESS capacity is 

ranging between (155- 200) kWh. From Figure 6-35 and Figure 6-36, it is clear that 

the optimum BESS size that helped to minimize the frequency fluctuation from the 

targeted frequency is 169 kWh. Therefore, it can be seen that the minimum Δfmin 

obtained is 49.847 at tm 30.462 s and Δfm is 0.153 Hz/s, and at the same time, the 

BESS controller shows a significant performance for mitigating that frequency 

fluctuation at the time of system contingency as shown in Figure 6-37. Whereas, 

the optimum BESS size ranged from (177-300) kWh when the renewable energy 

sources penetration increased to 50% of the total power system generation. From 

Figure 6-38 and Figure 6-39, the BESS with capacity 177 kWh achieved the best 

frequency response with Δfmin (49.838 Hz) and Δfm (0.162 Hz/s). Figure 6-40 

demonstrates the impact of BESS controller for minimizing the frequency 

disturbance. Table A1 and Table A2 shows the frequency regulation indexes of 

generator contingency and the governor response of the diesel generators due to a 

disturbance in the power system, receptively.  
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Figure.6-32. Simulation results of the optimum size of BESS with Zero NS-RES 

 

Figure 6-33. Optimum frequency deviation with zero NS-RES 
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Figure 6-34. Active Power output of BESS controller with zero NS-RES penetration 

 

Figure 6-35. Simulation results of optimum size of BESS with 25% NS-RES penetration 
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Figure 6-36. Optimum frequency deviation with 25% NS-RES penetration 

 

Figure 6-37. Active Power output of BESS controller with 25% NS-RES penetration 
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Figure 6-38. Simulation results of optimum size of BESS with 50% NS-RES penetration 

 

Figure 6-39. Optimum frequency deviation with 50% NS-RES penetration 
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Figure 6-40. Active Power output of BESS controller with 50% NS-RES penetration 

The outage of the load of 50% deficiency of the total load is considered the 

significant contingency event. Therefore, to prevent this, a BESS with robustness 

designed controller is added to the microgrid to recover the power system, as well 

as give more time to diesel generator governors to recover the frequency system 

disturbance. Due to that, the BESS is considered to deliver identical services in the 

load contingency, which needs frequency support downwards to stabilize the 

frequency power system. Figure 6-41 shows the frequency responses with zero NS-

RES penetration with different sizes of BESS. As it is obvious from the Figure 6-41 

the BESS takes place in supporting frequency response during the event of load 

contingency. The optimum range of battery capacity that copes with case 

constraints and minimizes the frequency overshoot is located between (150- 160) 

kWh. By taking the frequency deviation value as the main contributor for selecting 

the accurate size, it can be seen that the BESS with 155 kWh is the optimal size by 

minimizing the frequency overshoot to the smallest value of Δfmax (50.015 Hz/s) at 

tm= 30.892 s, as well as minimizing the frequency deviation to Δfm (0.015 Hz/s) 

compared with other sizes as shown in Figure 6-42. Figure 6-43 shows the output 

power of the BESS controller.   

On the other hand, by increasing NS-RES penetration to 25% of the total 

generation units, we observe that the optimum BESS capacity is ranging between 

(160- 250) kWh. From Figure 6-44 and Figure 6-45, it is clear that the optimum 

BESS size which helped to minimize the frequency overshoot from the targeted 

frequency is 169 kWh. Moreover, the minimum Δfmax obtained is 50.010 Hz at tm 

(31.112 s) and Δfm (0.010 Hz/s), meanwhile, the BESS controller shows a 
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significant performance for mitigating that frequency fluctuation at the time of 

system contingency as shown in Figure 6-46. Whereas, the optimum BESS size 

ranged from (169-250) kWh when the renewable energy sources penetration 

increased to 50% of the total power system generation. From Figure 6-47 and Figure 

6-48, the BESS with capacity 177 kWh achieved the smallest frequency response 

that close to the target frequency with Δfmax (50.001 Hz) and Δfm (0.001 Hz/s). 

Figure 6-49 demonstrates the effect of BESS controller for minimizing the 

frequency disturbance. Table A3 and Table A4 show the frequency regulation 

indexes of load contingency and the governor response of the diesel generators due 

to a disturbance in the power system, receptively.  

 

Figure 6-41. Simulation results of optimum size of BESS with Zero NS-RES during load 

contingency 
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Figure 6-42. Optimum frequency deviation with zero NS-RES during load contingency 

 

Figure 6-43. Active Power output of BESS controller with zero NS-RES penetration during load 

contingency 
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Figure 6-44. Simulation results of optimum size of BESS with 25% NS-RES penetration during 

load contingency 

 

Figure 6-45. Optimum frequency deviation with 25% NS-RES penetration during load 

contingency 



Page | 168  

 

 

Figure 6-46. Active Power output of BESS controller with 25% NS-RES penetration during load 

contingency 

 

 

Figure 6-47. Simulation results of optimum size of BESS with 50% NS-RES penetration during 

load contingency 



Page | 169  

 

 

Figure 6-48. Optimum frequency deviation with 50% NS-RES penetration during load 

contingency 

 
Figure 6-49. Active Power output of BESS controller with 50% NS-RES penetration during load 

contingency 
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Low Load Case Discussion 

In this case, low load demands (240 kW) were implemented on the islanded 

microgrid power system with different contingencies events (generator loss and 

load loss) to verify the robustness of the optimization method and BESS’s 

controller. It can be seen from the simulation results that, utilizing the BESS is 

essential that helped to improve the power system frequency (ROCOF and 

frequency nadir) as well as fmin and fmax. For instance, with zero renewable energy 

penetration scenario the BESS minimized the under frequency and over frequency 

by 9.539 Hz and 0.21 Hz, respectively, compared without BESS utilization 

scenario. From the simulation results observation, the smallest frequency value of 

deviation during the contingencies occurred with BESS capacity 155 kWh, 

therefore, the optimum size of the BESS with zero NS-RES is 155 kWh. Whereas, 

by examining the other scenarios we can identify that the BESS helped to mitigate 

the frequency response with the minimum deviation (fmin =21.851 Hz) and 

(fmax=0.219 Hz) during contingencies with increasing the NS-RES penetration by 

25%. Due to that, the optimum BESS capacity selected is 169 kWh. Whereas, by 

considering the worst case of increasing the penetration of NS-RES to 50% of total 

generation units. The system inertia decreased significantly which has a high impact 

on the system frequency. Therefore, finding the optimum BESS size is essential in 

this scenario. It is clear from the simulation result that, 177 kWh BESS size played 

an important role for minimizing the frequency disturbance during the 

contingencies events by (fmin =29.084 Hz) and (fmax=0. 001 Hz). Therefore, due to 

the system stability and reliability discussion, the results of the worst-case scenario 

(50% NS-RES) is chosen as an optimal BESS size solution for the low load demand 

case with capacity 177 kWh.   
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6.8.2 High Load Demands Case 

6.8.2.1 Without BESS 

In this case, to validate and demonstrate the capability of the proposed method 

a high load demands (2.5MW) have been applied to the proposed case study. In the 

sequel, impacts of critical scenarios with and without BESS will be investigated as 

well. The power system with a loss of 728 kW has been considered as a severe case 

according to the N-1 contingency for generation outage. The disconnected 

generation unit has a nominal rating of 1500 MVA and active power 1200 MW in 

steady-state. The power system equivalent value of the initial system droop (Rint-

sys) after and before the generation contingency based on (6.5) is 0.0006645 and 

0.0011052, respectively. Whereas, the power/frequency characteristic of the initial 

system (λint-sys) by using (6.6) is 1.5048 MW/Hz before the contingency and 0.9048 

MW/Hz after the contingency. The power system in this case assumed to be in a 

stable condition prior to the power system disturbance with Δf0 equal to zero. 

The first stage of the simulation, the power system run without BESS to 

investigate the frequency response with contingencies events (generation and load) 

as well as NS-RES penetrations. Figure 6-50 shows the frequency nadir and 

ROCOF behaviour with zero renewable energy utilization. It is clear from Figure 

6-50, the sudden power disturbance occurred at the period 30 second due to the trip 

of the diesel generator unit which caused imbalanced between the generation and 

load demands, as a result of that the frequency of the system significantly dropped 

down from the normal value (50 Hz). The frequency nadir of the system is outside 

the frequency operating standard by Δfm equal to 2.086 Hz/s and fmin equal to 47.914 

Hz at tm 36.902 s. In addition, due to the absence of the BESS in this stage, the 

frequency response is still supported by the conventional generators. Therefore, the 

governors of the conventional diesel generators need to respond to this contingency 

in a short time with an attempt to push the system to the steady-state level as shown 

in Figure 6-50.  

On the other hand, in order to achieve 25 % of NS-RES power penetration, 

the base power system network was modified by replacing one of the conventional 

generation units with capacity of 360 kW by renewable generation units. Four 

renewable generation units (PV, tidal generator, and 2 wind turbine generators) with 

a total rating power of 360 kW were connected to the microgrid network. Figure 

6-51 shows the simulation results of the frequency nadir and ROCOF behaviour 
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with 25% renewable energy utilization. As it can be seen from the Figure 6-51 that 

the frequency response is significantly dropped to 47.627 Hz with deviation 2.373 

Hz/s after the disturbance occurred. Whereas, the frequency response noticed to be 

47.468 Hz with deviation of 2.532 Hz/s from the normal frequency with 50% NS-

RES penetration as shown in Figure 6-52. Furthermore, from Table 6-8 and Figure 

6-53, it is clear that the fmin and Δfm without NS-RES penetration are relatively 

smaller and fast restoration compared with NS-RES penetration scenario as the 

frequency response getting worsened with increasing the NS-RES penetration. The 

inertia response of the NS-RES is too small in high load demands case which can 

be neglectable due to the high amount of diesel generators inertia in the power 

system, which quickly adjust their output power by the governor in case of 

disturbance, in turn leaving a small space of NS-RES inertia to participate. Table 

6-9 shows the governors response of the diesel generators due to a disturbance in 

the power system. Figure 6-54 illustrates the prony analysis that includes the 

frequency, damping, energy and amplitude of the frequency response during the 

generator contingency. 

 

Figure 6-50. Simulation results with zero NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-51. Simulation results with 25% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 

 

Figure 6-52. Simulation results with 50% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-53. Simulation results in comparison of generator contingency. (a) frequency response. 

(b) frequency deviation 

Table 6-8 . Frequency regulation indexes of generator contingency of high load demands 

Scenarios Δf0 

(Hz) 

fmin  

(Hz) 

|Δfm| 

(Hz) 

fs.s  

(Hz) 

Δfs 

(Hz) 

tm  

(sec) 

ts  

(sec) 

Zero NS-RES 0 47.914 2.086 48.936 1.067 36.902 60 

25% NS-RES 0 47.627 2.373 48.036 1.965 38.922 60 

50% NS-RES 0 47.468 2.532 47.674 2.325 40.542 60 

Table 6-9. Governor performance of the diesel generator during generator contingency 

Scenarios 
GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Min Max Min Mean Max Min Mean Max 

Zero NS-

RES 
1.18 1.20 1.50 0.49 0.50 0.59 0 0.25 0.50 0.29 0.30 0.36 

25% NS-

RES 

0.89 0.91 1.20 0.49 0.50 0.59 0 0.25 0.50 0 0 0 

50% NS-

RES 
0.74 0.76 1.05 0.49 0.50 0.59 0 0.25 0.50 0 0 0 
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Figure 6-54. Simulation results of prony analysis of frequency response during the generator 

contingency 

On the other hand, when a severer load failure occurs in a weak power system, 

the system frequency rises up suddenly within a few seconds because of the low 

inertia as well as the governor's delay of the conventional generators, which may 

lead to failure in the power system. In the high load case, the microgrid load that 

represents 50% of the total loads is cut off at 30 seconds to simulate the sudden 

failure of the load in the microgrid. Before the cut-off, the diesel generators without 

renewable energy sources work to establish the stability of the microgrid. 

Moreover, the power assumed to be in a stable condition prior to the power system 

disturbance with Δf0 equal to zero. However, after the loss of the load, it can be seen 

that the frequency drifts up significantly over the normal frequency value by Δfmax 

equal to 1.461 Hz/s and fmax is 51.461 Hz when the NS-RES penetration is zero as 

shown in Figure 6-55. By contrast, the frequency nadir and ROCOF behaviour 

slightly worsen by utilizing the NS-RES. By increasing the NS-RES 25% of the 

total generation units the frequency response rises slightly more to the previous 

scenario with Δfmax equal to 1.693 Hz/s and fmax is 51.693 Hz as presented in Figure 

6-56. Whereas, by increasing the NS-RES to 50% of the total generation units of 

the microgrid, the frequency system immediately goes up to fmax is 51.786 at tm 

37.145 s after the sudden power imbalance in the power system, and the frequency 

stabilized at ts 59.865 s with fs.s 51.449 Hz as shown in Figure 6-57. Figure 6-58 and 

Table 6-10 show the compared results with the microgrid frequency operating 

standard limits, it can be observed that the frequency response is violated in the fs.s 
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in all scenarios. However, the frequency deviation with zero NS-RES scenario is 

the smallest value from the targetted frequency with value 51.461 Hz among other 

scenarios as well as corresponding to the smallest Δfmax and the steady-state time is 

shorter than other scenarios. Table 6-11 shows the governors response of the diesel 

generators due to a disturbance in the power system, whereas, Figure 6-59 

illustrates the prony analysis. 

 

Figure 6-55. Simulation results with zero NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-56. Simulation results with 25% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 

 

Figure 6-57. Simulation results with 50% NS-RES. (a) frequency response. (b) frequency 

deviation. (c) governor responses of diesel generators 
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Figure 6-58. Simulation results comparison of load contingency. (a) frequency response. (b) 

frequency deviation 

Table 6-10. Frequency regulation indexes of high load demands during load contingency 

Scenarios Δf0 

(Hz) 

Fmax  

(Hz) 

|Δfmax| 

(Hz) 

fs.s  

(Hz) 

Δfs 

(Hz) 

tm  

(sec) 

ts  

(sec) 

Zero NS-RES 0 51.461 1.461 49.466 0.534 33.112 59.882 

25% NS-RES 0 51.693 1.693 51.281 0.282 34.217 60 

50% NS-RES 0 51.786 1.786 51.449 1.450 37.145 60 

Table 6-11. Governor performance of the diesel generator during load contingency 

Scenarios 
GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Min Max Min Mean Max Min Mean Max 

Zero 

NS-RES 
0.44 1.06 1.20 0.29 0.50 0.55 0.02 0.52 0.64 0.1 0.30 0.33 

25% 

NS-RES 
0.30 0.93 0.96 0.19 0.39 0.40 0.02 0.28 0.56 0 0 0 

50% 

NS-RES 
0.04 0.68 0.69 0.45 0.65 0.66 0.04 0.20 0.40 0 0 0 
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Figure 6-59. Simulation results of prony analysis of frequency response during the load 

contingency 

6.8.2.2 With BESS 

The outage of the generator, and accordingly the power deficit of 360 kW in 

a microgrid with high load demands, have a significant impact on microgrid 

frequency response as well as the power stability. Therefore, to minimize the 

frequency disturbance and increase the system stability, a BESS with robustness 

designed controller is added to the microgrid to recover the power system as well 

as to provide time to diesel generator governors to recover the system frequency 

after the disturbance. The losses may occur during both the charging and 

discharging of the BESS. Thus, the BESS is considered to deliver identical services 

in the generator contingency, which needs frequency support upwards to stabilize 

the frequency power system. Figure 6-60shows the frequency responses with zero 

NS-RES penetration with different sizes of BESS. As it is obvious from the Figure 

6-60 and Table B1 the BESS takes place in supporting frequency response during 

the contingency event. The optimum range of battery capacity that copes with case 

constraints and minimizes the frequency deviation is located between (200-270) 

kWh. By taking the frequency deviation value as the main contributor for selecting 

the accurate size, it can be seen that the BESS with 255 kWh is the optimum size 

by minimizing the frequency response to the smallest value Δfmin (49.834 Hz) at tm= 

30.836 s, as well as minimizing the frequency deviation to Δfm (0.166 Hz/s) 

compared to other sizes as shown in Figure 6-61, whereas, Figure 6-62shows the 
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output power of the BESS controller with zero renewable energy sources 

penetration. 

 

Figure 6-60. Simulation results of optimum size of BESS with Zero NS-RES during generator 

contingency 

 

Figure 6-61. Optimum frequency deviation with zero NS-RES 
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Figure 6-62. Active power output of BESS controller with zero NS-RES penetration during 

generator contingency 

On the other hand, increasing the NS-RES penetration to 25% of the total 

generation units leads to the optimum BESS capacity ranging between (255- 278) 

kWh. From Figure 6-63 and Figure 6-64, it is seen that the optimum BESS size 

which helped to minimize the frequency fluctuation from the targeted frequency is 

270 kWh. The minimum Δfmin obtained is 49.825 Hz at tm 30.522 s and Δfm (0.175 

Hz/s). At the same time, the BESS controller demonstrates a significant 

performance for mitigating the frequency fluctuation at the time of contingency as 

shown in Figure 6-65. Whereas, the optimum BESS size ranged from (250-300) 

kWh when the renewable energy sources penetration increased to 50% of the total 

power system generation. From Figure 6-66 and Figure 6-67, the BESS with 

capacity of 285 kWh achieved the smallest frequency response with Δfmin (49.791 

Hz) and Δfm (0.209 Hz/s). Figure 6-68 demonstrates the BESS controller for 

minimizing the frequency disturbance. Table B1 and Table B2 demonstrate the 

frequency regulation indexes of generator contingency, and the governor response 

of the diesel generators due to a disturbance in the power system, respectively. 



Page | 182  

 

 
Figure 6-63. Simulation results of optimum size of BESS with 25% NS-RES penetration 

 
Figure 6-64. Optimum frequency deviation with 25% NS-RES penetration 

 

Figure 6-65. Active power output of BESS controller with 25% NS-RES penetration during 

generator contingency 
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Figure 6-66. Simulation results of the optimum size of BESS with 50% NS-RES penetration 

 
Figure 6-67. Optimum frequency deviation with 50% NS-RES penetration 

 

Figure 6-68. Active power output of BESS controller with 50% NS-RES penetration during 

generator contingency 
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By contrast, the outage of the load and accordingly the power deficit of 50% 

of the total load is considered the significant contingency event. Hence, a BESS 

with robustness designed controller is added to the microgrid to recover the power 

system. Due to that in this scenario, the BESS is considered as the generation 

contingency in providing an identical service during the load outage event, which 

needs frequency support downwards to stabilize the power system frequency. 

Figure 6-69 shows the frequency responses with zero NS-RES penetration with 

different sizes of BESS. It can be seen from Figure 6-69 that the optimum range of 

battery capacity which copes with case constraints, and minimizes the frequency 

overshoot, is located between (250- 270) kWh. By taking the frequency deviation 

value as the main player for selecting the accurate size, it can be seen that the BESS 

with 255 kWh is the optimum size by minimizing the frequency overshoot to the 

smallest value of Δfmax (50.552 Hz/s) at tm= 31.772 s, as well as minimizing the 

frequency deviation to Δfm (0.552 Hz/s) compared to other sizes a shown in Figure 

6-70. Figure 6-71 shows the output power of the BESS controller.   

 

Figure 6-69. Simulation results of the optimum size of BESS with zero NS-RES penetration 



Page | 185  

 

 

Figure 6-70. Optimum frequency deviation with zero NS-RES penetration 

 

Figure 6-71. Active power output of BESS controller with zero NS-RES penetration during load 

contingency 

On the other hand, the optimum size range of the BESS when the renewable 

energy penetration increased 25% is between (270-285) kWh. Figure 6-72 and 

Figure 6-73 show the optimum BESS size which helped to minimize the frequency 

overshoot from the targeted frequency is 270 kWh. The minimum Δfmax obtained is 

50.527 Hz at tm 31.682 s and Δfmax is 0.527 Hz/s. Furthermore, the BESS controller 

shows a significant performance for minimizing frequency fluctuation at the time 

of system contingency as shown in Figure 6-74. Whereas, the optimum BESS size 

ranged from (270-300) kWh when the renewable energy sources penetration 

increased by 50% of the total power system generation. From Figure 6-75 and 

Figure 6-76, the BESS with capacity 285 kWh achieved to the smallest frequency 

response that close to the target frequency with Δfmax (50.521 Hz) and Δfm (0.521 

Hz/s). Figure 6-77 demonstrates the BESS controller for minimizing the frequency 

disturbance. Table B3 and Table B4 show the frequency regulation indexes of load 
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contingency and the governor response of the diesel generators due to a disturbance 

in the power system, receptively. 

 

Figure 6-72. Simulation results of optimum size of BESS with 25% NS-RES penetration 

 

Figure 6-73. Optimum frequency deviation with 25% NS-RES penetration 
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Figure 6-74. Active power output of BESS controller with 25% NS-RES penetration during load 

contingency 

 

Figure 6-75. Simulation results of the optimum size of BESS with 50% NS-RES penetration 

 
Figure 6-76.  Optimum frequency deviation with 50% NS-RES penetration 
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Figure 6-77. Active power output of BESS controller with 50% NS-RES penetration during load 

contingency 

High Load Case Discussion 

In this case, high load demands (2.5 MW) were implemented on the islanded 

microgrid power system with different contingency events (generator loss and load 

loss) to validate the robustness of the optimization method and BESS’s controller. 

It can be seen from the simulation results that implementing BESS is essential to 

support the power system frequency (ROCOF and frequency nadir), as well as 

maintain fmin and fmax within the acceptable operating range. In zero NS-RES 

penetration scenario, the BESS minimized the under frequency (generation loss) 

and over frequency (load loss) by 1.92 Hz and 0.939 Hz, respectively, compared 

with BESS absence scenarios. Furthermore, during the contingency event, the 

smallest frequency deviation value was found to be a BESS capacity of 255 kWh. 

Based on that, the optimum size of the BESS with zero NS-RES is chosen as 255 

kWh. On the other hand, by checking the other scenarios, it can be seen that the 

mitigation of the frequency response with the minimum deviation (fmin =2.198 Hz) 

and (fmax=1.166 Hz) during the contingency event with increasing NS-RES 

penetration by 25% was the aid of BESS. Therefore, the optimum BESS capacity 

selected is 270 kWh for this scenario. However, by considering the worst case of 

increasing the penetration of NS-RES to 50% of total generation units. The system 

inertia decreased significantly, which has a high impact on the system frequency. 

Maintaining the system frequency relies heavily upon finding the optimum BESS 

size. It is clear from the simulation result that a 285 kWh BESS size is essential for 

minimizing the frequency disturbance during the contingency events (generator loss 

and load loss) by (fmin =2.323 Hz) and (fmax=1.265 Hz). Consequently, due to the 
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system stability and reliability discussion, the results of the worst-case scenario 

(50% NS-RES) is selected as an optimal BESS size solution for the high load 

demands case with capacity 285 kWh.   

 Conclusion 

The weakening of islanded microgrids is due to electronically coupled 

sources displacing conventional synchronous generation, as well as being 

inherently sensitive to contingency events. Furthermore, increasing the trend of 

integrating renewable energy sources results in an urgent need for assessment of 

their impact on the grid’s stability. Both inertia and primary frequency responses in 

the power system are highly influenced by renewable energy sources integration, 

especially during the contingency occurrence. Therefore, this study has 

demonstrated that BESS represents an ideal, if not essential, solution for supporting 

the power system frequency. However, to find the optimum BESS size is an 

essential issue in a standalone power system. These problems are addressed in this 

paper for the frequency supported by the BESS in an islanded microgrid (Flinders 

Island) of Australian power system grid, where increasing system renewable energy 

penetration and displacement of conventional power generation study cases are 

considered during low and high demand situations. By using 

DigSILENT/PowerFactory the transient frequency deviation under the power 

system critical contingencies has been tested. Whereas, the BESS sizing is 

determined by defining and solving a constraint optimization problem through a 

GWO. 

 Selecting the optimum BESS size has the ability to reduce high frequency 

power fluctuations, which can also lead to a reduction of the burden on the 

conventional generation participating in inertia response and primary frequency 

control. This can be achieved by coordinating between BESS and other generation 

units. As seen in the results of the simulation, the improvement of the system 

frequency dynamics can be as a result of appropriate BESS size during contingency 

events. It has also been demonstrated that the penetration level of the renewable 

generation is linked to the size of the BESS. Although the work in this study applies 

to the real case study in Flinders Island, Australia, the methods proposed can be 

easily implemented and applied to other power networks where BESS sizing is 

intended for frequency support. Nevertheless, many other aspects regarding 

frequency support in the isolated power system which may do a significant 
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improvement still need more investigated such as tuning BESS’s controller 

parameters. Therefore, more research is needed on the mix of solutions that could 

put in place to allow higher penetration levels of variables NS-RES in islands in the 

future. 
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Chapter 7:  Conclusion and Future Works 
 

The following chapter provides a summary of the thesis, as well as presents a 

conclusion in regard to the various findings reported in the previous chapters. The 

implications of the findings, as well as recommendations for future research are 

also presented towards the end of the forthcoming chapter. 
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 Conclusions 

This thesis presented an introduction of the operation and sizing of BESS in 

a multitude of scenarios was, as well as the modelling management strategies for 

the control of the power generation within the microgrid power systems in both 

grid-connected and islanded mode, where multiple sources of dispatch are utilized.  

The utilization of several intelligent modules in the proposed energy 

management approach have been implemented to independently manage 

simultaneous tasks. These modules are designed to act as a decision maker in order 

to minimise the economic and environmental costs in the power generation of a 

microgrid. The integration of the modules into the management system relied on a 

myriad of requirements in order to effectively run the microgrid’s generation 

resources. Thus, the operation conditions of microgrids have been investigated by 

critically revising existing recommendations in the field throughout this thesis.  

Furthermore, due to the non-linearity of user usage and climate conditions, 

creating and maintaining a precise load profile has been a significant challenge in 

the power system of the microgrid. Thus, the design of an intelligence module that 

can cope with the load profile fluctuation was vital. Therefore, this thesis utilized a 

novel optimization approach, in order to optimize the microgrid power generation 

performance. The utilization of the proposed approach was implemented in order 

to manage the cost variations of the generation sources, which occur due to the 

variable prices of utility power, variable prices of fossil fuel generators, non-

linearity of load profile, intermittency of RES, unforeseen BESS 

charging/discharging, and finally the unknown capacity of BESS. To manage these 

challenges, the proposed method in this thesis contains a combination of intelligent 

techniques as well as a meta-heuristic algorithm. The meta-heuristic algorithm 

(GWO) was utilized to ensure that the optimum decision is followed when 

scheduling the multiple generation sources in the microgrid. 

A significant issue related to the control of the BESS during complex 

operational scenarios was observed in the case study, which was addressed in this 

thesis by presenting a novel charging and discharging technique, which was then 

implemented in order to enhance the operations of the BESS. This technique has 

been applied in parallel with the amount of BESS utilisation in the dispatch of the 

microgrids in order to maximise their profitable operation time. As a result, the 
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inclusion all of these characteristics during the optimization process, a hybrid 

intelligent method based on a meta-heuristic algorithm (GWO) and artificial 

intelligence technique (Fuzzy Logic) has been implemented. Ultimately, the 

proposed method has been compared with several other optimization methods, 

giving consideration to the generation cost overall, and also the BESS operational 

efficiency. 

BESS is a reliable resource to provide energy for various power system 

applications. It can be seen to increase the flexibility, reliability, and profitability 

of the renewable energy dispatch. However, the capital cost of the BESS is the main 

hurdle in preventing it from being utilized widely in grids. Thus, much research has 

been conducted to increase the BESS’ efficiency and decrease the required size. In 

this thesis, the optimum power and energy requirement of BESS, in different cases, 

were addressed. A novel method (hybrid) of BESS sizing with different penetration 

levels of RES was proposed. This method was used in order to find the optimal size 

of BESS which increases the system efficiency and minimises the operational costs 

of the microgrid generation units. Multiple scenarios have been conducted in the 

proposed method and the worst-case scenario used as the main contributor to 

determine the optimal size.  

On the other hand, increasing the penetration levels of RES, as well as load 

demands alter the dynamic characteristics, and consequently, the instability 

performance of the power system. With a high penetration level of RES, power 

system frequency control becomes a challenging task and needs to be dealt with 

systematically. Thus, in this thesis, the impact of abovementioned changes on the 

system frequency performance with different penetration levels of RES, 

conventional sources, and BESS were assessed and quantified. Furthermore, this 

thesis demonstrated that a low BESS capacity can deteriorate the frequency 

response of the system, as well as a higher BESS capacity being unable to improve 

the frequency response of the system. Accordingly, determining the optimal BESS 

size which stabilises the frequency response of the power system is essential in this 

research. By considering a large number of scenarios conducted in this thesis, as 

well as their sensitivities with respect to different parameters including inertia 

response, primary frequency response, loads, network strength, and contingency 

size, this thesis proposed a novel approach which combines modelling BESS 

controllers as well as optimization method to identify the optimal size of BESS. 
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The results used the Australian grid frequency standard as a test case and 

benchmark in order to demonstrate that such explicit inertia-based frequency 

control security constraint ensures power system frequency stability for all credible 

contingencies. It can also be seen that finding the optimal size of BESS has a 

significant impact in increasing the system stability and reliability.  

 Thesis Impacts and Applicability 

This thesis presents a number of findings and novel contributions. These findings, 

contributions and their implications are summarised with respect to the guiding 

research questions presented in Chapter 1. In this thesis, all the novel approaches 

presented can be used on any type of microgrids with different disciplines such as 

utilities and academics which aim to improve the system performance, minimise 

the dispatch costs and increase the system reliability and security. 

This work presents a novel optimization method, which has the ability to cope with 

uncertainties of RES, as well as uncertainties of the fossil fuel generators in 

microgrids with islanded mode and grid-connected mode. Presentation of a novel 

method of BESS charging and discharging in order to minimise the operation cost 

of the microgrids, and at the same time gives more space to the BESS to be utilized 

with different applications. 

In addition, this thesis shows an efficient utilization of a novel hybrid optimization 

method in order to optimize microgrids operations, as well as determining the 

optimal BESS sizes along with modelling the behaviours of PMS in a reliable 

manner to achieve the research objectives. Furthermore, investigating the 

possibility of integrating a new RES to an existing power system, and determining 

are the challenges and augmentations associated in this integration. Ultimately, 

modelling a BESS’ controller and studying the impact of BESS sizes along with 

BESS’ controller on the microgrid frequency response.   
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 Future Works 

This thesis has identified a number of different areas where further study could be 

conducted with future considerations. This thesis presents an effort to model and 

build an intelligent management and controller for the single microgrid power 

system, while in future expectations, it could be seen that a multiple microgrids 

power system can be connected together in one cluster. As a result, an accessible 

parameter of interface and multi-objective meta-heuristic methods have not been 

well studied and modelled for interconnecting multiple microgrids in one single 

cluster.  

In addition, battery life and location in microgrids power system can be an essential 

element in order to evaluate the profitability of the BESS in an economic dispatch. 

Accordingly, adding the battery life and location as constraints in the optimization 

methods could play a significant role in minimising the operating cost as well as in 

improving the system reliability and efficiency. These constraints can be written 

and solved through the use of many optimization methods, including but not limited 

to mixed integer linear programming, and PSO, etc. 

Finally, a BESS controller is a simple and experimental method which could be 

implemented on a real process or simulated system. The most common controller, 

which has been utilized for many years and with many different applications, is the 

PI controller. Determining the optimal gain of the PI controller is an important area 

which should be investigated in order to improve the system stability and reliability. 

Moreover, the possibility of having self-tuning of the PI controller gain in 

conjunction with multi-objective optimization can be recommended as an area for 

further developments.  
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Appendix 

Appendix A: Low Load Case 

Table A1. Frequency regulation indexes with generator contingency 

Scenarios BESS 

size 

Δf0 fmin 

(Hz) 

|Δfm| 

(Hz) 

fs.s 

(Hz) 

Δfs 

(Hz) 

tm 

(sec) 

ts 

(sec) 

 

 

 

 

Zero 

NS-RES 

50 0 49.806 0.194 49.830 0.170 30.472 31.942 

100 0 49.816 0.184 49.840 0.160 30.482 31.902 

150 0 49.822 0.178 49.846 0.154 30.482 32.002 

155 0 49.825 0.175 49.849 0.151 30.482 31.872 

160 0 49.824 0.176 49.848 0.152 30.492 31.872 

169 0 49.821 0.179 49.845 0.155 30.492 32.412 

177 0 49.818 0.182 49.842 0.158 30.492 32.262 

200 0 49.813 0.187 49.837 0.163 30.482 32.682 

250 0 49.811 0.189 49.834 0.166 30.502 30.502 

300 0 49.808 0.192 49.830 0.170 30.502 31.542 

 

 

 

 

 

25% 

NS-RES 

50 0 49.804 0.196 49.830 0.170 30.452 32.282 

100 0 49.810 0.190 49.836 0.164 30.452 32.582 

150 0 49.814 0.186 49.840 0.160 30.452 31.842 

155 0 49.823 0.177 49.849 0.151 30.462 31.942 

160 0 49.832 0.168 49.858 0.142 30.462 31.762 

169 0 49.847 0.153 49.870 0.130 30.462 31.772 

177 0 49.845 0.155 49.869 0.131 30.452 32.742 

200 0 49.825 0.175 49.850 0.150 30.442 34.092 

250 0 49.808 0.192 49.834 0.166 30.452 31.972 

300 0 49.805 0.195 49.830 0.170 30.462 34.042 

 

 

 

 

 

50% 

NS-RES 

50 0 49.792 0.208 49.820 0.180 30.432 32.372 

100 0 49.804 0.196 49.830 0.170 30.462 32.612 

150 0 49.814 0.186 49.840 0.160 30.462 33.072 

155 0 49.817 0.183 49.843 0.157 30.452 33.782 

160 0 49.820 0.180 49.846 0.154 30.452 32.312 

169 0 49.822 0.177 49.848 0.152 30.452 32.632 

177 0 49.836 0.164 49.861 0.139 30.450 32.630 

200 0 49.838 0.162 49.862 0.138 30.452 31.880 

250 0 49.777 0.223 49.806 0.194 30.472 31.882 

300 0 49.773 0.227 49.804 0.196 30.472 31.862 
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Table A2. Governor response of the diesel generator with different BESS size during generator contingency 

Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

Zero 

NS-RES 

50 -0.0925 -0.0590 -0.7232 0.2865 0.3003 0.4027 0 0.3085 0.7538 0.1917 0.2002 0.2667 

100 -0.0429 -0.0090 -0.6760 0.2907 0.3003 0.4042 0 0.3085 0.7043 0.1945 0.2002 0.2678 

150 -0.0109 -0.9791 -0.6535 0.2888 0.3003 0.4087 0 0.3061 0.6159 0.1931 0.2002 0.2707 

155 -0.9963 -0.9641 -0.6397 0.2882 0.3003 0.4094 0 0.3030 0.6159 0.1926 0.2002 0.2712 

160 -1.3015 -1.2691 -0.9455 04875 0.5003 0.6099 0 0.3031 0.6159 0.2923 0.3002 0.3715 

169 -1.3165 -1.2841 -0.9600 0.4878 0.5003 0.6096 0 0.3046 0.6159 0.2925 0.3002 0.3713 

177 -1.3254 -1.2951 -0.9665 0.4883 0.5103 0.6236 0 0.3326 0.6419 0.2941 0.3002 0.3734 

200 -1.3581 -1.3260 -1.0011 0.4884 0.5003 0.6089 0 0.3065 0.6160 0.2928 0.3002 0.3709 

250 -1.0705 -1.0390 -0.7165 0.2897 0.3003 0.4104 0 0.3024 0.6159 0.1934 0.2002 0.2718 

300 -1.0906 -1.0590 -0.7396 0.2894 0.3003 0.4120 0 0.2985 0.6159 0.1930 0.2002 0.2730 

25% 

NS-RES 

50 -1.1962 -1.1590 -0.7854 0.2821 0.3003 0.4115 0 0.3085 0.7544 0 0 0 

100 -1.1650 -1.1290 -0.7570 0.2881 0.3003 0.4157 0 0.3085 0.6822 0 0 0 

150 -1.1452 -1.1090 -0.7390 0.2866 0.3003 0.4196 0 0.3084 0.6192 0 0 0 

155 -1.1007 -1.0641 -0.6953 0.2848 0.3003 0.4226 0 0.3030 0.6159 0 0 0 

160 -1.0558 -1.0191 -0.6509 0.2877 0.3003 0.4254 0 0.2883 0.6159 0 0 0 

169 -0.9916 -0.9582 -0.6220 0.2887 0.3003 0.4142 0 0.2555 0.5621 0 0 0 

177 -0.9999 -0.9662 -0.6273 0.2887 0.3003 0.4154 0 0.2569 0.5666 0 0 0 

200 -1.0959 -1.0591 -0.6915 0.2879 0.3003 0.4260 0 0.2928 0.6159 0 0 0 
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Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

250 -1.1757 -1.1390 -0.7712 0.2877 0.3003 0.4241 0 0.3024 0.6159 0 0 0 

300 -1.1961 -1.1590 -0.7929 0.2880 0.3003 0.4268 0 0.2985 0.6159 0 0 0 

50% 

NS-RES 

50 -1.4028 -1.3589 -0.9819 0.2809 0.3003 0.4089 0 0.3084 0.8040 0 0 0 

100 -1.3471 -1.3090 -0.9346 0.2868 0.3003 0.4139 0 0.3085 0.7117 0 0 0 

150 -1.2952 -1.2590 -0.8885 0.2864 0.3003 0.4196 0 0.3084 0.6193 0 0 0 

155 -1.2804 -1.2440 -0.8743 0.2857 0.3003 0.4208 0 0.3073 0.6159 0 0 0 

160 -1.2657 -1.2290 -0.8601 0.2850 0.3003 0.4221 0 0.3050 0.6159 0 0 0 

169 -1.2540 -1.2180 -0.8498 0.2867 0.3003 0.4234 0 0.3016 0.6159 0 0 0 

177 -1.3923 -1.3561 -0.9966 0.2881 0.3003 0.4332 0 0.3729 0.6055 0 0 0 

200 -1.3353 -1.2990 -0.9289 0.2861 0.3003 0.4202 0 0.3081 0.6159 0 0 0 

250 -1.4682 -1.4288 -1.0573 0.2881 0.3003 0.4183 0 0.3084 0.6536 0 0 0 

300 -1.4763 -1.4388 -1.0668 0.2891 0.3003 0.4177 0 0.3084 0.6633 0 0 0 
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Table A3. Frequency regulation indexes with load contingency 

Scenarios BESS 

size 

Δf0 fmax 

(Hz) 

|Δfmax| 

(Hz) 

fs.s 

(Hz) 

Δfs 

(Hz) 

tm 

(sec) 

ts 

(sec) 

Zero 

NS-RES 

50 0 50.036 0.036 49.993 0.007 30.482 59.708 

100 0 50.030 0.030 50.001 0.001 30.542 59.912 

150 0 50.018 0.018 49.997 0.003 30.732 58.102 

155 0 50.015 0.015 49.989 0.011 30.892 58.752 

160 0 50.028 0.028 49.899 0.001 30.562 60.00 

169 0 50.030 0.030 49.996 0.004 30.552 59.982 

177 0 50.029 0.029 49.997 0.003 30.552 59.972 

200 0 50.017 0.017 49.992 0.001 30.812 60.00 

250 0 50.021 0.021 49.998 0.002 30.672 59.902 

300 0 50.020 0.020 49.997 0.003 30.652 50.962 

25% 

NS-RES 

50 0 50.036 0.036 49.958 0.042 30.492 50.245 

100 0 50.030 0.030 49.952 0.048 30.512 41.065 

150 0 50.022 0.022 49.946 0.054 30.582 45.095 

155 0 50.021 0.021 49.945 0.055 30.612 44.188 

160 0 50.016 0.016 49.942 0.058 30.772 41.898 

169 0 50.010 0.010 49.939 0.061 30.112 40.785 

177 0 50.012 0.012 49.939 0.061 30.872 49.268 

200 0 50.011 0.011 49.985 0.015 30.882 59.662 

250 0 50.015 0.015 49.998 0.002 30.812 59.942 

300 0 50.027 0.027 50.001 0.001 30.532 59.832 

50% 

NS-RES 

50 0 50.037 0.037 49.942 0.058 30.462 46.142 

100 0 50.025 0.025 49.924 0.076 30.552 52.555 

150 0 50.016 0.016 49.918 0.082 30.752 48.065 

155 0 50.014 0.014 49.917 0.083 30.822 47.658 

160 0 50.013 0.013 49.917 0.084 30.842 46.038 

169 0 50.010 0.010 49.915 0.085 30.597 41.950 

177 0 50.001 0.001 49.913 0.087 30.687 41.913 

200 0 49.988 0.012 49.907 0.093 30.461 41.257 

250 0 49.998 0.002 49.982 0.018 30.587 59.867 

300 0 50.015 0.015 49.998 0.003 30.762 58.822 
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Table A4. Governor response of the diesel generator with different BESS size during load contingency  

Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

Zero 

NS-RES 

50 -1.2491 -1.1599 -1.1392 0.4823 0.5 0.5071 0.5294 0.5686 0.6029 0.2890 0.3 0.3046 

100 -1.2961 -1.2099 -1.1717 0.4780 0.5 0.5125 0.55 0.5912 0.6185 0.2862 0.3 0.3081 

150 -1.3338 -1.2499 -1.1958 0.4822 0.5 0.5177 0.540 0.6033 0.6186 0.2890 0.3 0.3115 

155 -1.0419 -0.9649 -0.9096 0.2875 0.3 0.3182 0.550 0.6085 0.6167 0.1919 0.2 0.2118 

160 -0.9968 -0.9199 -0.8632 0.2783 0.3 0.3187 0.5 0.5779 0.6232 0.1859 0.2 0.2121 

169 -0.9361 -0.8589 -0.7998 0.2787 0.3 0.3195 0.4300 0.5159 0.5674 0.1862 0.2 0.2126 

177 -0.9324 -0.8685 -0.8124 0.2365 0.3 0.3200 0.4366 0.5449 0.5784 0.1872 0.2 0.2130 

200 -1.0348 -0.9599 -0.8924 0.2829 0.3 0.3222 0.5 0.5938 0.6232 0.1888 0.2 0.2144 

250 -1.2900 -1.2099 -1.1288  0.4793   

0.5000 

 0.5266 0.4000  0.5312  0.5840 0.2872 0.3000 0.3173 

300 -1.4477  -

1.3649 

-1.2825 0.5578 0.5800 0.6071 0.4200   

0.5534 

0.6057 0.3362  0.3500 0.3675 

25% 

NS-RES 

50 -1.2852 -1.1797 -1.0605  0.4764 0.5001  0.5392 0.5700 0.6073 0.6257 0 0 0 

100 -1.3041  -

1.2097 

-1.0837  0.4760 0.5001  0.5415 0.5500 0.6047 0.6288 0 0 0 

150 -1.3297 -1.2396 -1.1248 0.4756   

0.5001 

0.5380 0.5300  0.6015  0.6266 0 0 0 

155 -1.3347  -

1.2446 

-1.1410 0.4763 0.5001 0.5349 0.5300 0.6021 0.6273 0 0 0 

160 -1.3506 -1.2596 -1.1685  0.4806   

0.5001 

0.5302 0.5400 0.6064 0.6376 0 0 0 

169 -1.3680 -1.2766 -1.1864 0.4823 0.5001 0.5299 0.5480  0.6098 0.6449 0 0 0 
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Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

177 -1.3657 -1.2746 -1.1853  0.4804 0.5001 0.5299 0.5380 0.6079 0.6450 0 0 0 

200 -1.3695 -1.2798 -1.2058 0.4753 0.5000 0.5243 0.5200 0.6051 0.6230 0 0 0 

250 -1.3560 -1.2699 -1.1809 0.4787 0.5000 0.5291 0.4600 0.5861 0.6241 0 0 0 

300 -1.0945 -1.0099 -0.9358 0.4754 0.5000 0.5243 0.2500 0.3560 0.4045 0 0 0 

50% 

NS-RES 

50 -1.3966 -1.2926 -1.1112 0.4795 0.5001  0.5598 0.5330 0.5846  0.6157 0 0 0 

100 -1.4726 -1.3795 -1.1970 0.4764 0.5001 0.5601 0.5700 0.6107 0.6558 0 0 0 

150 -1.5033 -1.4094 -1.2532 0.4816 0.5002  0.5515 0.5500 0.6086 0.6553 0 0 0 

155 -1.5084 -1.4144 -1.2639 0.4820 0.5002 0.5496 0.5500 0.6090 0.6586 0 0 0 

160 -1.5126 -1.4184 -1.2679 0.4819 0.5002 0.5496 0.5490 0.6092 0.6622 0 0 0 

169 -1.5167 -1.4274 -1.2846 0.4819 0.5002 0.5470 0.5490 0.6100 0.6615 0 0 0 

177 -1.5249 -1.4354 -1.2848 0.4819 0.5002 0.5497 0.5490 0.6105 0.6640 0 0 0 

200 -1.5634 -1.4684 -1.3178 0.4819 0.5002 0.5496 0.5590 0.6125 0.6641 0 0 0 

250 -1.5361 -1.4498 -1.3610 0.4783 0.5000 0.5291 0.4900 0.6007  0.6242 0 0 0 

300 -1.4973 -1.4099 -1.3062 0.4776 0.5000 0.5340 0.4000 0.5553 0.6125 0 0 0 
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Appendix B: High Load Case 

Table B1 Frequency regulation indexes with generator contingency 

Scenarios BESS 

size 

Δf0 fmin 

(Hz) 

|Δfmin| 

(Hz) 

fs.s 

(Hz) 

Δfs 

(Hz) 

tm 

(sec) 

ts 

(sec) 

Zero 

NS-RES 

50 0 49.790 0.210 49.824 0.176 30.452 32.412 

100 0 49.807 0.193 49.830 0.170 30.492 31.942 

150 0 49.812 0.188 49.836 0.164 30.492 31.602 

200 0 49.821 0.179 49.842 0.158 30.492 32.272 

250 0 49.24 0.176 49.836 0.164 30.492 34.172 

255 0 49.834 0.166 49.839 0.161 30.532 30.402 

270 0 49.820 0.180 49.832 0.168 30.522 34.212 

278 0 49.813 0.187 49.829 0.171 30.512 33.232 

285 0 49.808 0.192 49.826 0.174 30.502 33.902 

300 0 49.799 0.201 49.821 0.179 30.482 32.292 

25% 

NS-RES 

50 0 49.781 0.219 49.820 0.180 30.462 36.322 

100 0 49.798 0.202 49.820 0.180 30.462 32.222 

150 0 49.801 0.199 49.824 0.176 30.482 31.912 

200 0 49.806 0.194 49.830 0.170 30.492 32.322 

250 0 49.815 0.185 49.832 0.168 30.492 33.002 

255 0 49.819 0.181 49.834 0.166 30.482 33.132 

270 0 49.825 0.175 49.834 0.166 30.522 33.100 

278 0 49.823 0.177 49.833 0.167 30.502 36.772 

285 0 49.810 0.190 49.827 0.173 30.492 32.972 

300 0 49.797 0.203 49.820 0.180 30.462 31.932 

50% 

NS-RES 

50 0 49.744 0.256 49.814 0.186 30.712 33.282 

100 0 49.762 0.238 49.810 0.238 30.592 32.622 

150 0 49.774 0.226 49.806 0.194 30.522 31.902 

200 0 49.781 0.219 49.802 0.198 30.492 32.202 

250 0 49.786 0.214 49.810 0.190 30.492 31.762 

255 0 49.786 0.215 49.809 0.191 30.522 32.192 

270 0 49.788 0.212 49.812 0.188 30.482 32.162 

278 0 49.789 0.211 49.813 0.187 30.492 32.162 

285 0 49.791 0.209 49.815 0.185 30.482 31.722 

300 0 49.777 0.223 49.804 0.196 30.502 32.112 
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Table B2. Governor response of the diesel generator with different BESS size during generator contingency 

Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

Zero 

NS-RES 

50  0.8413 0.8546 1.1483  0.4896 0.5003  0.5885 0 0.3084 0.7833 0.2932   0.3002  0.3580 

100  0.8676 0.8985 1.1905 0.4916 0.5003 0.5942 0 0.3085 0.7126 0.2945 0.3002 0.3617 

150 0.8996 0.9314 1.2397 0.4892 0.5003 0.6009 0 0.3085 0.6368 0.2933 0.3002 0.3659 

200  0.9324   0.9614 1.2872 0.4902  0.5003 0.6080 0   0.3027  0.6159  0.2940   0.3002   0.3703 

250 0.9019 0.9314 1.2629 0.4900 0.5003 0.6102 0 0.3006 0.6159 0.2938 0.3002   0.3717 

255  0.9150   0.9464 1.2955  0.4896   0.5003  0.6161 0   0.2964  0.6157  0.2935  0.3002  0.3755 

270  0.8521   0.8814  1.2087  0.4901  0.5003  0.6086 0 0.3039  0.6159 0.2939  0.3002  0.3707 

278  0.9635   0.9943  1.3315  0.4899  0.5003  0.6124 0  0.2702  0.5860  0.2938  0.3002   0.3731 

285  0.9615 0.9923  1.3298 0.4899  0.5003 0.6125 0  0.2705  0.5866  0.2937  0.3002  0.3732 

300  0.8272 0.8565  1.1810  0.4902   0.5003  0.6076 0   0.3053  0.6158  0.2939   0.3002   0.3700 

25% 

NS-RES 

50  0.5173 0.5515  0.8195  0.4885   0.5003  0.5831 0   0.3083  0.8031 0 0 0 

100  0.5214   0.5515  0.8296  0.4890   0.5003  0.5871 0   0.3084  0.7588 0 0 0 

150 0.5395   0.5715 0.8644  0.4896   0.5003 0.5932 0   0.3085  0.6952 0 0 0 

200  0.5698   0.6015  0.9104  0.4895   0.5003  0.6005 0   0.3084  0.6213 0 0 0 

250  0.5818   0.6114  0.9372  0.4900   0.5003  0.6079 0   0.3027  0.6159 0 0 0 

255  0.5854   0.6874  0.9522  0.4687   0.5003  0.6125 0   0.3087  0.6514 0 0 0 

270 0.5917   0.6214  0.9486  0.4900   0.5003  0.6085 0   0.3017  0.6165 0 0 0 

278  0.5833   0.6134  0.9453  0.4899   0.5003  0.6104 0   0.2997  0.6159 0 0 0 
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Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

285  0.5567   0.5864  0.9123  0.4900   0.5003  0.6079 0   0.3032  0.6187 0 0 0 

300  0.5197   0.5515  0.8717  0.4891   0.5003  0.6056 0   0.3058  0.6158 0 0 0 

50% 

NS-RES 

50  0.3312   0.3716  0.6368  0.4865   0.5004  0.5805 0   0.3083  0.8328 0 0 0 

100  0.3178   0.3516  0.6228  0.4886   0.5004  0.5828 0   0.3083  0.8079 0 0 0 

150  0.2991   0.3316  0.6088  0.5004   0.5852  0.5852 0   0.3084  0.7830 0 0 0 

200  0.2820   0.3116  0.5950  0.4930   0.5004  0.5877 0   0.3084  0.7579 0 0 0 

250  0.3196   0.3516  0.6521  0.4900   0.5004  0.5957 0   0.3084  0.6746 0 0 0 

255  0.3145   0.3466  0.6472  0.4901   0.5004  0.5957 0   0.3084  0.6751 0 0 0 

270  0.3297   0.3615  0.6677  0.4900   0.5004  0.5985 0   0.3084  0.6472 0 0 0 

278  0.3317   0.3635  0.6717  0.4900   0.5004  0.5995 0   0.3084  0.6380 0 0 0 

285  0.3447   0.3765  0.6887  0.4899   0.5004  0.6015 0   0.3082  0.6186 0 0 0 

300  0.2895   0.3216  0.6260  0.4903   0.5004  0.5975 0   0.3084  0.6594 0 0 0 
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Table B3. Frequency regulation indexes with load contingency 

Scenarios BESS 

size 

Δf0 fmax 

(Hz) 

|Δfmax| 

(Hz) 

fs.s 

(Hz) 

Δfs 

(Hz) 

tm 

(sec) 

ts 

(sec) 

Zero 

NS-RES 

50 0 50.859 0.859 49.972 0.030 31.937 58.347 

100 0 50.768 0.768 49.973 0.027 31.887 57.197 

150 0 50.755 0.755 49.973 0.027 31.907 57.727 

200 0 50.664 0.664 49.975 0.025 31.842 58.382 

250 0 50.561 0.561 49.977 0.023 31.802 58.882 

255 0 50.552 0.552 49.978 0.022 31.772 58.832 

270 0 50.560 0.560 49.978 0.022 31.792 58.292 

278 0 50.564 0.564 49.978 0.022 31.792 58.782 

285 0 50.579 0.579 49.978 0.022 31.802 59.182 

300 0 50.592 0.592 49.977 0.023 31.832 56.812 

25% 

NS-RES 

50 0 51.056 0.056 50.017 0.016 31.882 56.952 

100 0 50.918 0.918 50.017 0.016 31.837 56.802 

150 0 50.811 0.811 50.015 0.015 31.827 59.648 

200 0 50.706 0.706 50.014 0.014 31.797 58.693 

250 0 50.581 0.581 50.013 0.013 31.732 59.249 

255 0 50.561 0.561 50.013 0.013 31.712 58.539 

270 0 50.527 0.527 50.012 0.012 31.682 58.530 

278 0 50.537 0.537 50.012 0.012 31.682 58.349 

285 0 50.549 0.549 50.012 0.012 31.732 58.229 

300 0 50.561 0.561 50.010 0.010 31.712 59.209 

50% 

NS-RES 

50 0 51.095 0.095 49.991 0.009 31.778 58.715 

100 0 50.926 0.926 49.997 0.003 31.772 58.838 

150 0 50.823 0.823 49.995 0.005 31.807 57.023 

200 0 50.700 0.700 50.002 0.002 31.767 58.883 

250 0 50.604 0.604 49.998 0.002 31.702 59.359 

255 0 50.575 0.575 49.998 0.002 31.712 59.969 

270 0 50.531 0.531 49.998 0.002 31.662 59.939 

278 0 50.530 0.530 49.999 0.001 31.652 59.909 

285 0 50.520 0.520 49.999 0.001 31.632 58.009 

300 0 50.542 0.542 50.004 0.004 31.662 59.959 
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Table B.4. Governor response of the diesel generator with different BESS size during load contingency 

Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

Zero 

NS-RES 

50  0.4326    0.9506  1.0828  0.3340   0.5000  0.5463 0.1606   0.4147  0.7041  0.1912   0.3000   0.3297 

100  0.3817   0.9006  1.0227  0.3342   0.5000  0.5427 0.2080   0.4359  0.7097  0.1913    0.3000   0.3275 

150  0.3550   0.8706  0.9906  0.3356   0.5000  0.5420 0.2141   0.4386  0.6951  0.1922    0.3000   0.3270 

200 0.2713    0.8204  0.9302  0.3248    0.5000 0.5384 0.2606    0.4594  0.6994  0.1852   0.3000 0.3247 

250  0.2150  0.7654 0.8637  0.3249   0.5000  0.5344 0.3128    0.4830  0.7085  0.1853    0.3000   0.3221 

255  0.2099   0.7604  0.8577 0.3249   0.5000  0.5340 0.3171   0.4849  0.7089  0.1853   0.3000  0.3219 

270  0.2077   0.7584 0.8558 0.3249   0.5000 0.5340 0.3108   0.4818  0.6976  0.1853   0.3000   0.3219 

278 0.2066   0.7574  0.8548 0.3249  0.5000  0.5341 0.3073    0.4800  0.6914 0.1853    0.3000   0.3219 

285  0.2096   0.7604  0.8588  0.3248   0.5000  0.5344 0.2984   0.4757  0.6823  0.1853    0.3000   0.3221 

300  0.2094    0.7604  0.8595  0.3248    0.5000  0.5346 0.2887   0.4710  0.6690  0.1852   0.3000   0.3223 

25% 

NS-RES 

50  0.2109   0.7505  0.9035 0.3290   0.5000  0.5536 0.0570   0.3692  0.6160 0 0 0 

100  0.1610 0.6804  0.8264 0.3361   0.5000  0.5510 0.1281  0.4039 0.6317 0 0 0 

150  0.0999   0.6204 0.7667  0.3363   0.5000 0.5510 0.1833   0.4293  0.6466 0 0 0 

200 0.0387   0.5604 0.7121  0.3364  0.5000  0.5526 0.2364   0.4532  0.6606 0 0 0 

250 0.0551   0.4903  0.6466  0.3297   0.4999  0.5549 0.2993   0.4816  0.6843 0 0 0 

255  0.0653   0.4803  0.6367  0.3297   0.4999 0.5550 0.3088   0.4859  0.6896 0 0 0 

270 0.0857   0.4603  0.6185  0.3298   0.4999  0.5559 0.3258   0.4933  0.6957 0 0 0 

278 
  0.0838     0.4623     0.6241     0.3297     0.4999     0.5573     0.3203     0.4900     0.6867 

0 0 0 
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Scenarios BESS 

size 

GEN 1 (MW) GEN 2 (MW) GEN 3 (MW) GEN 4 (MW) 

Min Mean Max Min Mean Max Min Mean Max Min Mean Max 

285 
  0.0808     0.4653     0.6317     0.3297     0.4999     0.5590     0.3137     0.4861     0.6776 

0 0 0 

300 0.0809 
    0.4653     0.6394     0.3297     0.4999     0.5618     0.3071     0.4814     0.6643 

0 0 0 

50% 

NS-RES 

50 
    0.1707     0.7006     0.9228     0.3327     0.5000     0.5773     0.0302     0.2996     0.5512 

0 0 0 

100 
    0.0057     0.5506     0.7557     0.3293     0.5000     0.5717     0.1905     0.4192     0.6159 

0 0 0 

150 
  0.0333     0.4905     0.7026     0.3364     0.5000     0.5747     0.2476     0.4434     0.6270 

0 0 0 

200 0.1046 
    0.4205     0.6352     0.3366     0.5000     0.5759     0.3123     0.4732     0.6509 

0 0 0 

250 
  0.1886     0.3604     0.5835     0.3298     0.5000     0.5784     0.3485     0.4968     0.6649 

0 0 0 

255 
   0.2039     0.3454     0.5655     0.3298     0.5000     0.5778     0.3648     0.5043     0.6751 

0 0 0 

270 0.2294    0.3204  0.5406  0.3299 0.5000  0.5779 0.3851 0.5152  0.6861 0 0 0 

278 
  0.2327     0.3172     0.5410     0.3299     0.5000     0.5789     0.3826 

   0.5155  0.6821 0 0 0 

285 
  0.2397     0.3103     0.5360     0.3299     0.5000     0.5794     0.3857     0.5179     0.6825 

0 0 0 

300  0.2348    0.3153  0.5474  0.3298    0.4999  0.5800 0.3676  0.5119 0.6643 0 0 0 

 

 

 

 

  




