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ABSTRACT 
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In recent years, research and development for power systems depending on renewable 

energy resources has become a hot topic due to the climate change and growing global 

interest in the issue of global warming. Many world countries are moving toward cleaner 

energy sources and encouraging citizens to use them within their own electrical grids. One 

of the most interesting concepts of utilizing renewable energy is microgrids. Microgrid is 

a system that integrates more than one renewable resource in addition to one or more 

conventional power source to produce clean, sustainable, stable and reliable power. These 

advantages cannot achieve fully without a proper energy management system (EMS) 

within the microgrid. Intelligent control techniques such as fuzzy logic was used for EMS 

to form what is known as fuzzy logic energy management system (FLEMS). Cost reduction 

and energy saving while maintaining high performance are the most challenges that faces 

the growth of microgrids. 

This work aims to model, integrate and simulate different renewable energy systems such 

as solar and wind with the help of backup systems in order to form a complete standalone 

DC microgrid. FLEMS of low complexity with minimum possible fuzzy rules is designed 

for the microgrid. The control system enables the microgrid to supply the load demand 

while giving the priority to renewable energy resources. The performance of the proposed 
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FLEMS is optimized using an efficient intelligent optimization technique that is the 

artificial bee colony algorithm (ABC). Furthermore, a new proposed method depending on 

economic dispatch is used in the FLEMS of the microgrid to enhance the system efficiency 

and to minimize the total generation cost. Comparison between conventional economic 

dispatch method and proposed one is presented.  

Particularly, the effect of some environmental parameters on the microgrid components 

such as ambient temperature on the solar system is studied and the potential for using small-

scale renewables for residential house usage is investigated for different year seasons. The 

overall system is simulated using real climate data and real load consumption of a house 

collected from Dhahran city in Kingdom of Saudi Arabia in 2016.   

Keywords: Renewable Energy, Microgrid, Energy Management System, Power 

Dispatch, Intelligent Control, Fuzzy Logic Control, Artificial Bee Colony 
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1 CHAPTER 1 

 INTRODUCTION 

Renewable energy resources have been used for many centuries before our time and due 

to the low price of petroleum, they were derelict. In recent years, awareness of climate 

changes and concerns to reduce the fossil energy consumption and carbon dioxide emission 

has been raised. Therefore, reverting back to renewable energy resources is one of the most 

important solutions [1]. 

Renewable energy can offer enormous advantages making it the best choice for future. 

It is inexhaustible, clean and has decentralization advantage making it usable at the same 

place where it exists. Renewable energy also has complementary feature enables it to 

integrate more than one type. For example, solar panels can supply power on sunny days 

in the presence of low wind, whereas wind turbine can supply more power in windy and 

cloudy days [2]. 

A microgrid is a term used for a local, small-scale power system that has its own 

resources; usually renewable resources such as micro wind turbines (WT), photovoltaic 

system (PV), fuel cell (FC) or diesel generator (DG), etc., integrated together with storage 

system devices such as battery energy storage system (BESS), flywheel and finally 

integrated with loads. microgrids usually operate in two modes; the first mode 

interconnected to the main power grid called (grid-connected) and the other one is isolated 

mode which called (standalone) [3], [4]. 
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Figure 1.1: (a) Centralized Microgrid EMS   (b) Decentralized Microgrid EMS 

 

 

 

 

 

 

 

Energy management system (EMS) for a microgrid is control software that can optimally 

decide which unit of the distribution generation units should be used.  From general point 

of view EMS can manage the power among microgrid sources and loads. There are two 

main approaches for EMS: the first one is centralized EMS (CEMS), and the other one is 

decentralized EMS (DEMS) as illustrated Figure 1.1 [5]. 

 

1.1 Renewables Energy Status in 2016 
 

The past three years has recorded the most significant growth of renewable energy 

around the world. Renewable energy is estimated to produce about 23.7% of the world 

electricity according to the renewable energy policy network for the 21 century in its final 

report. This means quarter of the world electricity is generated from renewable resources 

whereas 77% of the new renewable installation was in favor to PV and WT systems. 
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Figure 1.2: Average Annual Growth Rates of Renewable Energy Capacity and Biofuels Production 

The peak demand of power in Kingdom of Saudi Arabia is around 60 GW in 2013. Saudi 

Arabia is targeting to produce around 54 GW from Renewable energy by 2040; with 41 

GW form solar energy and 13 GW from other combined resources such as wind power, 

waste-to-energy and geothermal. The kingdom also targeting to reduce CO� emissions by 

130 million tons by 2030 [6]–[9]. Figure 1.2 shows the annual growth rate of renewable 

power compared with biofuels power production.  
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1.2 Problem Description 
 

Intermittency in nature of renewable resources makes it a challenging task to control the 

operation of microgrids. Balancing between power consumed and power generated is a 

necessary task in any power grid. Renewable resources such as wind or solar is fluctuated 

in their nature and do not have constant production of energy. Due to this challenge, EMS 

should govern the operation of the microgrid all the time. For example, when the power 

generated from solar system is reduced due to weather changes such as in rainy or cloudy 

days, the wind turbine should compensate the reduction with the help of other backup 

sources in the microgrid such as FC, micro DG or storage systems. A reverse process takes 

place in days with low wind speed.  

Operation cost is another challenge faces microgrids growth and considered as one of 

the most important challenges. Intelligent techniques such as fuzzy logic (FL) are playing 

a key role in enhancing and optimizing EMS of microgrids and reducing generation cost 

of backup systems.  Number of researches have been conducted recently on optimizing 

microgrids EMS using intelligent technique such as fuzzy logic controller (FLC). However, 

very limited researches focus on lowering the complexity of the FLC by minimizing 

number of fuzzy rules, also very few studies in the literature optimized the performance of 

the FLC by modern intelligent optimization techniques such as artificial bee colony 

algorithm.  

In this work, the mentioned challenges will be addressed by developing an economic 

energy dispatch for the proposed microgrid using fuzzy logic energy management system 

(FLEMS) with low complex FLC of only 25 base rules, Enhancing the performance of the 
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FLC using artificial bee colony optimization technique. Economic energy dispatch will be 

achieved by controlling the power provided from the microgrid to meet load demand with 

least possible cost while giving the priority to renewable resources depending on intelligent 

technique algorithms such as particle swarm optimization (PSO) and genetic algorithm 

(GA). Additionally, controlling the state of charge (SOC) of the BESS must be taken in 

account for energy dispatch. This will lead toward smoother operation and lower cost 

operation.  

The increase of ambient temperature is considered as a major issue that effect the solar 

system efficiency. Another part of this work has been allocated for studying the effect of 

ambient temperature on PV system. The ambient temperature plays a key role in PV 

modules operation and affects their power production. The best operating temperature for 

5kW PV system will be explored based on ambient temperature variations during different 

year seasons in Dhahran City in Saudi Arabia in order to improve the performance of solar 

PV model.  In addition, investigating the potential for installing small-scale renewables for 

residential house usage in Dhahran city during different year seasons will also be 

conducted. 

 

1.3 Thesis Aims and Objectives 
 

This thesis aims to survey the state-of-art for microgrid energy management system, 

build models for each component of the microgrid using MATLAB/SIMULINK and 

integrate them together in order to form the proposed microgrid for the study.  PV system 

of the microgrid will be studied extensively and the effect of ambient temperature on the 
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PV modules will be investigated. Next stage will be the design of an optimized energy 

dispatch based on intelligent techniques such as Fuzzy logic for controlling the operation 

of the microgrid.  

  The list of objectives may be summarized as follows: 

� To survey state-of-the-art for microgrid energy management system (EMS). 

� To model solar, wind and energy storage in order to form a microgrid based on the 

given power load demand.  

� In particular, the effect of ambient temperature on the designed solar PV system 

will be extensively investigated. 

� To develop microgrid an optimized energy dispatch system using one of the 

advanced intelligent control techniques such as Fuzzy logic, Neural network and/or 

Neuro-Fuzzy.  

� Finally, a comparison with existing techniques of energy management system is 

presented.  

 

1.4 Thesis Structure  
 

The thesis is comprised of five chapters. A brief summary of each chapter is illustrated 

here. 

• Chapter 1 presents a background overview of basic idea of this work and states the 

statistical data and the growth of renewable energy in last years.  Additionally, the 
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basic objectives and the scope of the study have briefly discussed along with the 

thesis outline. 

• Chapter 2 gives the literature review from previous research studies about energy 

management systems for microgrids. 

• Chapter 3 addresses the microgrid configuration, define the renewable energy 

models and other components specifications. Discusses the microgrid energy 

dispatch in details and the control technique that used in the system, covers the 

mathematical model development for all components also the simulation approach 

is discussed in this chapter. It also gives a comprehensive explanation of the 

proposed FLEMS and the control the operation of the microgrid. The proposed 

method for using economic dispatch within FLEMS is also explained. 

• Chapter 4 discusses and compares simulation results of the microgrid with the 

proposed FLEMS. In addition, results of the study that allocated for investigating 

the effect of environmental parameter on microgrid renewables that stated 

previously is also presented. 

• Chapter 5 illustrates the significant outcomes of this thesis and conclude by 

offering several recommendations for further work. 
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2  CHAPTER 2 

 LITERATURE REVIEW 

Renewable energy field has become one of the major and hottest areas in research field. 

Governments all over the world are encouraging their nations through specific policies and 

regulations to employ renewable energy technologies. Recently, a great attention is being 

conducted on research of hybrid renewable resources systems or what is known as 

(microgrids). Energy management system (EMS) is usually associated with microgrid due 

to the need for control system to manage the operation of microgrid resources. The 

following subsections provide state of art for development of microgrids and their 

controlling strategies. 

 

2.1 Development of Microgrid 

 

Microgrid distributed generators were transited from laboratory to markets by the 

beginning of 2000s. One of the basic characteristics of distributed generators is that they 

can installed at distribution sites rather than installed in transmission lines. PV systems, 

FC, WT systems and combined heat power CHP are examples of distributed energy 

resources (DER). Two or more of these resources may interconnected together with the 

help of storage system such as BESS, flywheels or other possible types of storage systems. 



9 

 

The integration of DER must has control system in order to control the power generation 

along with the load demand [10]. The power systems and future electricity were on the 

threshold of new era depending on the integration of DERs as introduced in [11], in the 

work, a new approach for integrating DER in sites near the distribution networks was 

introduced.  

With the development of the microgrid concept, it is important to examine its ability to 

use in industrial environment applications. DER were reported in [12] as a plant included 

with induction machines that located near industrial location. As presented in [13], a 

microgrid system is defined as integration of loads and renewable resources such as micro 

WT, FC, and other alternating power resources. EMS was also introduced and proposed 

for making decisions to choose the best source for electrical power generation. These 

decisions depend on several considerations: local equipment, heat requirement, climate 

conditions, electrical power cost, fuel cost and many other considerations. The EMS 

provides necessary information about controlling parameters to the operator. 

The integration of DER encounters technical issues such as constraints of short circuit 

current, power stability, active and reactive power control, voltage profile and control, 

protection aspects, ability of DG to endure during disturbances, islanded operation and 

safety issues for the system as reviewed in [14].  With the continuous evolution of DER 

integration, the United State Department of Energy has developed and planned a new plan 

(by the year 2020) to control the spread of implementing DERs as reported in [15]. The 

work studied the factors involve in forming the optimal microgrid architecture such as cost 

and savings. The work also simulated the microgrid in a six-bus system in an optimized 

way and programmed nonlinearly. In [16], analysis of microgrid characteristics is done 
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from two points of view technically and politically. The work proposed and designed a 

control strategy that rolling an independent decentralized system. 

The general architecture of a microgrid (EMS) based on multi-agent system technologies 

proposed in [17]. Authors emphasized on describing the implementation of a secondary 

control system based on the microgrid EMS architecture developed and tested on actual 

microgrid in order to assess its performance and capability. EMS of a microgrid operation 

was overviewed in [18]. Authors showed the important components and factors involving 

the design of EMS. Overview of the primary, secondary, and tertiary proposed control 

levels were described. Challenges and opportunities were explored in the paper. EMS for 

a standalone droop controlled microgrid ensuring stable operation and minimizing fuel 

consumption were presented in [19]. They optimized the generator outputs through 

adjustments to droop characteristics. Experimental results were illustrated to demonstrate 

its proposed mechanism. The work in [20] presented a  microgrid controlled by EMS using 

novel double-layer coordinated approach. The approach consists of two main layers: 

dispatch layer and schedule layer. The approach provided stable, safe and economic 

operation by utilizing the market prices and DG bids to maximize the revenues in a grid-

connected mode. Moreover, utilized the best renewable source based on forecasted data to 

minimize the operation cost in a standalone mode. In addition, optimized power flow and 

voltage regulation were achieved in the dispatched layer. EMS of a microgrid with DER 

was investigated in [21]. The operation of standalone microgrid, a grid-connected 

microgrid, and a network of microgrids were simulated using multi-agent infrastructure 

based on weighting factors and dynamic electricity price. They showed some significant 
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effects of service quality and presented the overall performance indexes between different 

types of microgrid systems.  

A microgrid consisted of advanced PV system, gas micro turbine and embedded energy 

storage system with a determinist EMS was studied in [22].  The study presented the 

procedure for aggregation and implementation of the proposed deterministic energy 

management methods. The EMS consisted of two parts: customer side and microgrid side. 

Optimized EMS models for microgrid associated with economic analysis had been 

conducted in [23] considering Taiwan as a case of study. The study determined the optimal 

strategies for microgrid operation with maximum revenues. A detailed analysis for 

increasing the size of BESS compared with the growth of load demand was done and the 

results showed that the optimal capacity for storage system can be achieved by considering 

the storage efficiency and power supply. 

A cost investigation for renewable generation potential in various location in USA was 

conducted in [24]. The study analyzed the potential for installing PV, WT and biomass as 

renewable resources and investigated the performance of two microgrid modes: grid-

connected and standalone. The results showed that the grid-connected mode was much cost 

effective when compared with standalone mode due to the absence of batteries, hence the 

cost reduced drastically. A novel approach was presented in [25] for secondary control of 

droop-controlled standalone microgrid. The distributed networked control approach did not 

restore the voltage and frequency only but shared the reactive power also. The new 

methodology was validated by experimental part of the study. A distributed EMS of a 

microgrid was proposed in [26]. The proposed method considered constrains of underlying 

power for the distribution network. The EMS was formulated as an optimal power problem. 
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The approach had been applied to an existing microgrid in Guangdong in China and it 

showed effective operation in both grid-connected and standalone modes. The proposed 

approach had a fast converge and inclusive analysis had been conducted.  

The increase of natural disaster around the world brings the need for a resilient power 

grid system to restore the critical loads after an urgent outage.  The work [27] proposed an 

approach for a microgrid that was suitable for restoring the maximum number of critical 

loads during natural disaster power outage while satisfying the ability and the important 

requirements of the microgrid. A mixed-integer linear program problem was formulated to 

achieve the novel approach and the system was tested experimentally to validate the 

effectiveness. A laboratory scale microgrid was developed and tested experimentally for 

the purpose of research in [28]. The microgrid consisted of two renewable resources that 

were PV and WT in addition to a BESS controlled by EMS that managed the power 

generation and provide stable power to the load demand. The EMS of the microgrid in the 

study was open source to enable modification and addition or replacement of components 

or apply new control strategies for further enhancement. 

 

 

2.2 Effect of Ambient Temperature on PV Modules  

 

Solar energy is considered as one of the most important renewable resources. Each day 

the earth is provided by 1.4×10� TW of energy from sun; 3.6×10� TW can be used while 

the worldwide demand is only 1.7 TW, this means that the solar energy can cover the whole 

planet demand of power [29].  
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Electricity can be generated from sunlight in several ways; it can be converted into 

electricity by using solar thermal power solutions such as steam engines that use the solar 

heat, It also can be converted into electricity by photovoltaic cells [30]. PV cells technology 

was born by the space age in 1950s for satellites and spacecraft. It was emerged in other 

earthly application by 1970s [31]. PV cells are fundamentally semiconductors diodes. Their 

p-n junction must face the sunlight to produce electrical current. Polycrystalline, silicon, 

monocrystalline are the most materials used in manufacturing PV cells. When sunlight hits 

the surface of PV cells, it charges the carriers and electrical current generated  [32].  

The ambient temperature plays a key role in the power output generated from PV system. 

The efficiency of PV cells is mounted around (9-12) % and the PV cells use only 20% of 

the sun irradiation while the other energy converts to heat that affects the power output. 

The power output decreases by (0.4-0.5) % for each one-Kelvin increase in temperature of 

PV [33]. Therefore, the ambient temperature has a great effect the power output of PV 

systems. In [34], three PV models were tested in two tropical countries (Singapore and 

Indonesia) to investigate the effect of high temperature on the PV performance and to 

notice whether the wind speed plays a role in cooling process or not. The variations among 

the three models were low due to the low wind speed.  Hence, the three models results were 

equally like with RMSE of 1.5 – 3.8 °C and the power output differentiated by 0.3 - 1.6 %, 

respectively. The authors concluded that ambient temperature has a direct impact on the 

module temperature despite of the presence of wind. The work [35] differentiated between 

the ambient temperature and module temperature and it showed that the module 

temperature has higher effect on PV modules with 10-20% than ambient temperature.  
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The authors in work [36] presented two PV models that were tested to investigate the 

effect of ambient temperature on power output. One of them was placed indoor with an 

ambient temperature of 25 °C while the other one placed outdoor with high temperature 

and high irradiation. Due to the low irradiation amount for indoor model, it gave only 27% 

of its maximum efficiency while the power output of the outdoor model gave 78% of its 

maximum efficiency. The work showed that the ambient temperature affects the power 

output, but it is not the only factor, irradiation amount is also playing a major role in the 

performance. In [37], 50W mono-crystalline solar panel model was simulated using 

MATLAB/SIMULINK to investigate the effect of ambient temperature on the voltage 

output. Different temperature values ranged between 25 °C to 60 °C were applied to the 

model and the irradiation was fixed to 458.2 w/m². The authors found that the ambient 

temperature has a great effect on the voltage output, which affects the power output 

consequently. Works done in [38], [39] showed that the power output decreases with the 

increase of ambient temperature. The system in [38] was tested during sunny days of 

February 2016 at KIIT, India while the system in [39] tested during different season of 

2013 in Nigeria. 

Dhahran city in eastern region of Saudi Arabia exposes high amount of sun irradiation 

daily, however high temperature degrees at this region near the earth equator plays a key 

role in the power production efficiency of the solar PV system. Therefore, a part of this 

work is allocated for studying the effect of ambient temperature of Dhahran during 

different year seasons on a small-scale PV system that will be used in the microgrid the 

work. 
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2.3 Energy Management System for Microgrid Based on Intelligent 

Techniques  

 

Recently, many researches were conducted on controlling microgrids through EMS 

based on intelligent techniques, such as differential revolution, genetic algorithm, fuzzy 

logic, neural network and fuzzy-neuro. In this work, we are interested in EMS based on 

fuzzy logic technique. The following subsections present a brief overview on fuzzy logic 

controller (FLC) and review several published papers that have proposed similar 

methodologies for EMS based on this controller. 

 

2.3.1 Fuzzy Logic Controller 

 

Figure 2.1: Main Parts of Fuzzy Expert System 

Fuzzy logic consists of three basic processes. Figure 2.1 illustrates the main parts of 

fuzzy logic system. The first process is fuzzification which defined as a process of mapping 

crisp numbers in the input data matrix to the fuzzy sets. Then there will be membership 

functions which play the major role during this process by mapping each input value to a 

degree of membership between 1 and 0. Membership functions are such as gaussian 
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distribution, triangular, trapezoidal, sigmoidal functions and bell functions. Second process 

is fuzzy inference system which maps a fuzzy set into a several fuzzy sets using logical 

operations and fuzzy rules. Furthermore, fuzzy rules are just like IF-THEN statements and 

they can be obtained by professionals or generated from available numerical data using 

computing techniques (software) or evolutionary algorithms. Fuzzy inference systems have 

two principle types: Sugeno fuzzy inference and Mamdani fuzzy inference. Mamdani type 

is mostly accepted and more used while Sugeno type is especially used for dynamic non-

linear systems.  

Defuzzification process produced the aggregate linguistic, which the output value that 

can be derived from the former processes input of defuzzification. The main point is to 

have a single crisp value at the output that we are getting from the final process [40]. 

 

2.3.2 Fuzzy Logic Energy Management System 

 

Recently, several studies have been adopted FLC to employ EMS on microgrids. Fuzzy 

logic shows an efficient management for microgrid especially when multi-functions is 

performed on the microgrid. FLC can deal with different tasks simultaneously. It can 

predict the wind velocity, sun radiation and load consumption or even the status of the grid. 

It is an efficient tool for dealing with different tasks instead of having a precise model 

dealing with each task individually. 

FLEMS for DC microgrid was designed and implemented in [41]. The work presented 

modeling, analyzing and controlling process of PV, WT and BESS models that were 
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conducted using MATLAB/Simulink and the monitoring process was done using 

LabVIEW. The work focused on controlling SOC of the BESS using FLC in order to 

increase their lifetime. In [42], authors proposed a FLEMS for microgrid that consisted of 

PV, WT and FC of the type Proton-Exchange Membrane PEMFC. The inputs of the 

controller were the frequency of the microgrid, the batteries SOC and the level of the water 

inside the water desalination tank. The control process is achieved by frequency control of 

the main inverter.  Efficiency in operation and reduction in size of the microgrid was 

achieved by the proposed FLEMS. An integrated FLEMS was proposed in [43] for a 

microgrid that had a combined heat and power (CHP) system in order to optimize the heat 

production and energy dispatch. The optimal selection of the system components was 

obtained by the proposed FLEMS. 

FLEMS was proposed for regulating the power flow and maintaining the system batteries 

SOC of a microgrid in [44]. The microgrid consisted of PV, WT, FC, and BESS. The inputs 

of the FLC was the difference between load demand and power generated by the microgrid 

in addition to the SOC of the batteries. Load shedding and reduction of energy utilization 

cost as well as CO² emissions were the main aims of the work done in [45]. The microgrid 

in the work composed of PV model and BESS controlled by FLEMS. 

Authors in [46] explored FLEMS for a microgrid to achieve gratification of load demand 

and maintaining the batteries SOC in order to increase their lifetime while keeping the 

hydrogen storage tank within its maximum limits. A cuckoo search algorithm associated 

with FLC was used in [47] to control battery SOC and power flow of a microgrid 

components that consisted of PV model, DG and BESS. A standalone AC/DC microgrid 

controlled by FLEMS was conducted in [48] in order to operate the renewable resources 
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efficiently, maintain battery SOC and manage the exchange power between the two AC/DC 

microgrids. Maximizing hydrogen production, optimizing and managing the power flow 

and generation of the microgrid was the main objectives in [49]. The microgrid in the work 

composed of PV, FC and BESS controlled by FLEMS. Smoothing the grid power profile 

while maintaining the SOC of the BESS were the main objectives of FLEMS of the 

microgrid in [50]. The authors claimed that they reached the lowest possible fuzzy logic 

rules (25 rules); hence, the system response was enhanced. The study conducted in 

simulation part and experimental part. 

Research on FLEMS of microgrid is continued to gain more popularity. The work in 

[51], proposed an efficient way to manage a microgrid that consisted of PV system and 

BESS using FLEMS under different values of irradiation by controlling the duty cycle of 

the maximum power point tracker (MPPT). An efficient approach to manage the energy 

for electro-thermal grid-connected microgrid using FLEMS based on rate of change was 

presented in [52]. The work showed that the usage of thermal part in the microgrid 

contributes in decreasing the grid power consumption by 50% and smoothing the overall 

grid power profile. The required power for electrical water heater was reduced due to the 

existence of thermal photovoltaic that used for heating the water deposit tank for domestic 

usage.  

Limited researches conducted on optimizing the FLEMS using ABC intelligent 

technique. In [53], a standalone microgrid that consisted of WT and DG used fuzzy logic 

based proportional integral derivative (FLPID) controller to control the diesel governor and 

the pitch angle of the WT. The work used ABC optimization technique to optimize 49 

fuzzy rules as well as scaling factors. The authors in [54] also used ABC to optimize the 
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parameters of FLPID controller of a microgrid that has 49 fuzzy rules. The microgrid in 

the work consisted of PV system, WT, DG and FC. The FLPID controlled the operation of 

the FC depending on active and reactive power fluctuations of the renewable generation. 

Previous works used the FLEMS for different types and topologies of microgrids. 

Various purposes were achieved, however lowering the complexity and optimizing of the 

FLC while maintaining the lowest possible cost were not took in consideration. I this work, 

a standalone DC microgrid is controlled by FLEMS with lowest possible fuzzy rules (25-

base rules) and has been optimized using an efficient intelligent control technique that is 

ABC. In addition, a new approach is also introduced to minimize the operation cost of the 

backup sources (FC and DG) by using Economic dispatch along with the proposed and 

optimized FLEMS. 
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3 CHAPTER 3 

MICROGRID MODELING and CONTROL 

METHODOLOGY 

 

This work aims to come up with a real time intelligent energy management system for 

standalone DC microgrid that consists of PV model, wind turbine, fuel cell, diesel 

generator and battery energy storage systems connected to a residential load. Dealing with 

renewable energy systems needs to take into consideration the fluctuation in system inputs 

such as weather changes that affect amount of solar radiation and wind speed. Other natural 

factors also affect the operation of renewable energy systems passively such as the effect 

of ambient temperature on the PV system. Therefore, dealing with these factors efficiently 

along with insuring stable energy supply to the load represent the most important 

challenges that face the proposed system. Aggregation of the system components models 

with loads and development of energy management system using an intelligent technique 

(Fuzzy logic controller) for comprehensive simulation are presented in this chapter. Low 

complexity fuzzy logic controller that contains only 25 rules to control the microgrid is 

exhibited in detail. Furthermore, optimization problem of the controller will be developed 

using one of the most effective optimization techniques that is the artificial bee colony to 

increase the microgrid efficiency will be explained. Moreover, a new method for using 

economic dispatch optimization along with the optimized FLEMS to lower the generation 

cost of the microgrid. In addition to that, the methodologies used for the investigation 

studies will be presented. 
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3.1 Microgrid Components  

 

As mentioned previously, the proposed microgrid consists of several components. Part of 

them are the renewable energy systems such as PV solar system and WT system. The other 

part contains the backup components such as BESS, FC and DG. The following subsections 

contain the mathematical models for these parts. 

 

3.1.1 Photovoltaic Solar Model 

 

PV cells are the fundamental unit of the PV system. These cells aggregated in a series 

manner to form a module, and modules could be connected in series, parallel or even both 

to form what is known as an array. 

The ideal photovoltaic cell is represented mathematically by the following equation: 

 � = 	 ��� −	�� 	 �exp �� +	������ � − 	1� −	� + �����  (1) 

where ��� and �� are the photovoltaic and saturation currents of the array. �� is the thermal 

voltage of the array and equals to (��� /") where �� is the cells connected in series; 

greater output voltage obtained if cells connected in series while greater current obtained 

if cell connected in parallel. ��  is the equivalent series resistance of the array and �$ is the 

equivalent parallel resistance. 
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Formula in (1) is used for modeling single panel or module that its output power is 

usually low. To increase the output power to a certain value, the system should be modeled 

as number of arrays composes several modules that are connected even in series, parallel 

or both. The light generated current of the PV cell depends linearly on the solar irradiation 

and affected by the temperature given as: 

 � = 	 %���,'	 +	()∆+,	 --' (2) 

where ���,'	  is the light-generated current at the nominal condition (usually 25°  C and 

1000W/m2) given in Ampere. ∆+  = T – T2	  (being T and T2	  the actual and nominal 

temperatures) given in Kelvin.  G is the irradiation on the device surface, and G2	 is the 

nominal irradiation given in [W/m2].  

��   is the diode saturation current and it is directly depending on the temperature and it can 

be calculated as follows: 

 �� =	 ��,'	 � ' �
4 567 �"89�� � � 1 ' −	1 � 

 
(3) 

��� �: �� 
�� 

Ideal PV cell 

Practical PV device � 
� 

Figure 3.1: Equivalent Circuit of a Single Diode PV Cell 
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where 89 is the semiconductor band gap energy and equals to 89  ≈ 1.12 eV for the 

polycrystalline Silicon at temperature of 25°  C. 	��,'	  represents the nominal saturation 

current given by: 

 
��,'	 =	 ��;,'	exp ���;,'	���,'	� − 1 

(4) 

where ��,'	  being the thermal voltage of Ns cells connected series at the nominal 

temperature	 '	,	� = ��;,'	, I=0, and ���	 ≈��;,'	   
For modeling an array that gives higher amount of power, several models with different 

ways of connection are existed. The first way of connection shown in Figure 3.2, there will 

be no change in current while the voltage will increase. In second way of connection shown 

in Figure 3.3 the current will increase while the voltage will remain unchanged. In third 

way of connection as illustrated in Figure 3.4, the current and voltage will both increase, 

and for this approach, formula in (1) became as given in (5). 
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���=>? 

� 

� 

Figure 3.2: Equivalent Circuit of an Array Consists of Modules 

Connected in Series 
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 � = 	 �����@? −	����@? 	Aexp B<C	DE�FGHIFJKI�)<L@MGHI N − 	1O −	<CDE�FGHIFJKI�)DJ�FGHIFJKI�  (5) 

 

where �=>?  and ��@?   are the number of series and parallel modules in an array and 

�= is the number series cells in each individual module [32], [55]. 
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Figure 3.3: Equivalent Circuit of an Array Consists of Modules Connected in 

Parallel 

Figure 3.4: Equivalent Circuit of an Array Consists of Modules Connected in 

Parallel and Series 
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3.1.2 Wind Turbine Model 

 

Wind energy; one of most abundant resources, is the second fastest growing renewable 

energy technology worldwide. The wind turbine generators are evolving rapidly in two 

directions; technically and industrially. 

WT system consists of three main parts forming the system that converts the wind energy 

into electricity. The first part is the rotor and it has three fiberglass blades. They are 

included within a hub that has a hydraulic motor, which has the ability to change the blades 

directions in order to operate efficiently with variable wind speeds. The nacelle behind the 

turbine contains the shaft and gearbox that increases the speed. In addition, it contains the 

transformer and the generator. The third part is the tower that supports the previous two 

parts. 

WT integrated with permanent magnet synchronous generator (PMSG) became more 

popular due to its efficiency when experiencing low wind speed. Several studies in the 

literature included the model of wind turbine using PMSG [56]–[58]. 

The power generated by the wind turbine is given by: 

 

 PQ = 0.5ST�4U$(V, W) (6) 

where PQ is the power comes from WT, A is the cross-section area of the blades of the WT 

given in m², S is gas density available in the atmosphere, U$ is the WT energy conversion 

coefficient, and V is the wind velocity given in (m/sec). 
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The energy conversion coefficient U$ and the gas density S are given as: 

 S = 0.5T �353.05 � 	567Y�.�4�Z[+\ (7) 

 U$(V, W) = 	 �116V^ − 0.4 ∗ W − 5� . 0.5	567Yab.�cd  (8) 

where Z is the altitude, T is the ambient temperature,  V^  is the tip speed ratio. Ѳ represents 

angle of the blades tilt. Formula in (9) expresses the tip speed ratio and (10) expresses the 

initial tip speed:  

 V^ =	 11/(V + 0.089W) − 0.035/(W4 + 1) (9) 

 V = hi�� 				 (10) 

where  i is the rotor rotational speed in radians/second, R is the rotor radius in meters, and 

V is the wind speed specified in meters/second. 

 

3.1.3 Fuel Cell Model 

 

Fuel cell considered as electrochemical system that has the ability to convert the 

chemical energy into electrical energy and produces heat and water as secondary products. 

It composes of a pair of electrolytes and electrode. Its structure seems like a battery with a 

difference that it can delivers power as long as it supplied by fuel. There are five types of 

fuel cells depending on the material used in electrolyte: Polymer Electrolyte Membrane 
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Fuel Cell (PEMFC), Phosphoric Acid Fuel Cell (PAFC), Solid Oxide Fuel Cell (SOFC), 

Alkaline Fuel Cell (AFC) and Molten Carbonate Fuel Cell (MCFC). Among these five 

types, PEMFC considered as the best due to its rapidly development, simple structure, low 

operating temperature, quick start and high efficiency. It has two electrodes in each side 

with electrolyte layer in the middle. Fuel; hydrogen and oxygen, is fed to the anode and 

cathode electrode respectively [59]. The output voltage of the fuel cell is given by: 

 8 = 8' − (−�@;� + �jkl + �;j') (11) 

where 8'  is the Nernst voltage, �@;� , �jkl  and �;j'  are the activation, ohmic and 

concentration voltages respectively. Each one of these losses is calculated as in (12- 15). 

 �@;� = −[na + n�.  + n4.  . ln%Uqr, + n�.  . ln%st,] (12) 

 �jklvst . �w (13) 

 �w = 181.6[1 + 0.03%st/Tt, + 0.062( /303)�%st/Tt,�.�[Va − 0.634 − 3%st/Tt,] − 	567[4.18(( − 303)/ ]	 . xaTt (14) 

 �;j' = −y�. ln	(1 − zzl@{)											 (15) 

where   is the absolute operating temperature, Uqr  represents the concentration of oxygen, 

st represents the fuel cell output current, Tt represents the effective area, xais the effective 

thickness of membrane,  na, n�, n4, n�  are the reference coefficients, y�  represents the 

operating constant. z and zl@{ are the current and maximum current density respectively.  
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3.1.4 Battery Energy Storage System Model 

 

batteries are one of the most efficacious storage devices. They can store energy in 

electrochemical form. They can store energy from both DC and AC sources for future 

usage. Batteries are needed as a basic part of the microgrid. They discharge their energy to 

supply the loads whenever the microgrid resources are unable to meet the load demand or 

whenever one of the resources or more goes out of service. On the other hand, they charge 

with energy when the microgrid generation overcomes the load demand. 

Lithium-ion and lead-acid batteries are widely used for small electrical systems due to 

its special characteristics such as superior usable capacity, extended life cycle, small size, 

weight and climate resistances among other types. The discharging and charging 

expressions for BESS are given in (16) and (17) respectively: 

 |a(s}	s∗s) = 8� − (. ~~ − s} . s∗ − (. ~~ − s} . s} + T. exp	(−y. s}) (16) 

 |�(s}	s∗s) = 8� − (. ~s} + 0.1. ~ . s∗ − (. ~~ − s} . s} + T. exp	(−y. s}) (17) 

where 8�  represents the initial voltage, A is the exponential voltage given in (Volt), s 
represents the battery current, s∗represents the low frequency dynamic current given in 

(Ampere), K represents the polarization resistance, Q related to the maximum capacity of 

the battery, it is the extraction capacity of the battery given in (Ah) and B represents the 

exponential capacity given in (Ah)Ya. 
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One of the most important parameters of BESS is the state-of-charge and its calculated 

as given in (18): 

 ��U = 100B1 − � s�}��~ N (18) 

Battery Sizing: 

 

To determine the suitable and optimal size capacity of the battery storage system, one of 

the recent and effective algorithms for calculating the optimal size of BESS named battery 

sizing algorithm (BSA) is used in this work [60]. The idea behind this algorithm is to find 

a optimal size for the BESS of the microgrid depending on the difference between the 

renewable systems generation and load demand. The total generation of the renewable 

systems calculated according to: 

 P-D>'>Q@��>,� = P-�j�@?,� + P-Q^':,� (19) 

where P-�j�@?,� is the power generated from PV solar system and P-Q^':,� is the power 

generated from WT system at time t respectively. The difference between the generation 

and the load demand is calculated as: 

 P�^tt>?';>,� = P-D>'>Q@��>,� −		P�:>l@':,� (20) 

First stage is to find the maximum storage size according to the excess power from the 

difference between generation and load demand: 
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 y8��l@{ = ��6(�P�^tt>?';>,�)+
�va  (21) 

where y8��l@{ is the maximum capacity size of the BESS. Second stage is to find the 

required capacity of the battery which should not to be the maximum all the time. The 

required capacity of BESS is found according to: 

 y8���@� = 	 �y8��l@{, 6 = 1Uy�										, 6 = 0 (22) 

where y8���@� is the required capacity of the BESS during all time and Uy� is the 

corrected battery size. The condition		6 = 1 denotes that the BESS is fully discharged after 

charging and the condition		6 = 0 denotes that the BESS in not fully discharged after 

charging process and the battery capacity is oversized. Region reduction iterative algorithm 

is used to calculate the corrected BESS size (Uy�). 

The third stage of the algorithm is to find the optimal capacity size of the BESS and 

calculated according to the given formula in (23): 

 y8��j�� = 	 �	y8��;@�										, 	y8���< ≥ 	y8���^l	yU�																		, �}ℎ5h�s�5																		  (23) 

where 	y8��j�� is the optimal capacity size of the BESS, 	y8���< is the battery decision 

variable and calculated as stated in the literature [60]. yU� is the BESS corrected size for 

the third stage and calculated using region reduction iterative algorithm. 

In order to find the optimal size of the battery storage system for the microgrid in this 

work, average generation from PV system and WT system for one year used in the BSA 

depending on real data such as irradiation, ambient temperature and wind speed. In 
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addition, a real load demand recorded from residential house inside KFUPM campus in the 

same year is also used in the algorithm. 

 

3.1.5 Diesel Generator Model 

 

In general, Diesel generator consists of a diesel engine compiled with generator. The 

output power of DG can be controlled by the speed governor. DG usually used as a backup 

source when integrated in a microgrid system [61]. The energy generated by the DG with 

rated power output is given by: 

 8�� = 	P�� × ��� × } (24) 

where  ���  represents the efficiency of the DG. The cost operation is presented in section 

3.5 where the optimization problem for economic dispatch is developed. 

 

3.2 Investigating and Analyzing Data of the Renewable Systems  

 

The work is divided into several stages. In first stage, modeling, analyzing, studying and 

investigating the RES of the microgrid are conducted. For analysis purpose, real 

environmental data is applied to the RES as shown in the methodologies in next 

subsections. Components of the microgrid are modeled using MATLAB/Simulink 

program. All these components are integrated together using power electronics devices. 
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3.2.1 Studying the Effect of Ambient Temperature on 5kw PV System 

 

PV system model is created using MATLAB/SIMULINK based on the KC200GT array 

module that gives 200W as rated power output at ideal condition (ambient temperature at 

25°C and irradiation at 1000 W/m�) [62]. Parameters of this module is exhibited in Table 

3.1. The size of the PV solar system is chosen to be 5kw. Therefore, to increase the output 

power up to 5kw, special way of connection must be chosen to achieve this purpose. 

number of modules must be connected in series, parallel or series/parallel manner as stated 

in 3.1.1, Hence, three models are built. Each one of them has a different way of connection, 

Different temperature values applied with a fixed irradiation to the three models in order 

to investigate which model can handle temperature variation effectively.  

Irradiation and ambient temperature data of Dhahran city at in Eastern region of Saudi 

Arabia for different seasons in 2016 are applied to the models. The most effective model 

among three ones depending on the simulation results is analyzed to study the influence of 

ambient temperature on the power output of the PV system. According to the power output, 

the best-operating ambient temperature for each month is obtained. It is known that the 

ideal ambient temperature for PV models which is 25°C. However, existed cooling 

technologies cannot achieve this value in PV system in hot areas such as Dhahran city. 

Therefore, a determination of a set point for ambient temperature in each month will help 

in proper operation for the PV system and gives acceptable amount of power output 

compared to its rated power and will help in the cooling process of the PV [63]. 
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Table 3.1  Parameters of KC200GT PV Module at 25 C° and 1000W/m² 

PARAMETERS VALUES 

���	 22.5 A 

�l�	 28.74 V 

Pl@{,>	 200.143 

��;	 8.21 A 

�j;	 32.9 V 

(<	 -0.1230 V/K 

()	 0.0032 A/K 

�� 54 

A 1.3 

�� 415.405 Ω 

�� 0.221 Ω 

 

 

3.2.2 Investigation Renewable Energy Potential in Dhahran City 

 

In this stage, a small-scale hybrid renewable energy system (HRES) consists of PV solar 

system and WT system connected and operated together to supply a house load demand. 

Real environmental data is used to obtain average annual generation from the RES in this 

location and compared with the annual load demand for residential house at the same place 

of the study. In addition, three days from different seasons of Dhahran city are simulated 

and compared with the house demand in these days. Energy analysis are conducted to 

investigate the system ability to meet the load demand during different weather condition. 
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Figure 3.5: Hybrid Reneable Energy System Used In Investigation Study 

Figure 3.5 shows both PV and WT systems integrated with the help of power electronics 

to form the proposed HRES for investigation study. 

 

 

 

 

 

 

 

 

 

The solar PV system is the same that used in previous study in 3.2.1 with same 

parameters and rated power of 5kW. The WT system is modeled according to the 

mathematical model presented in subsection 3.1.1 previously. as stated, WT integrated with 

PMSG will provide enhanced model that can work with low wind speed. All parameters of 

PMSG is considered as existed in [57]. The rated power of the WT system is 5kW. This part 

of the work aims to investigate the feasibility for installing small scale renewables for 

residential usage in Dhahran. 
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Figure 3.6: Basic structure of the standalone microgrid 

3.3 Fuzzy Logic Energy Management System of the Microgrid 

 

The components of the microgrid in this work are integrated using power electronics 

devices and modeled using MATLAB/Simulink environment. Energy management system 

of the proposed microgrid as shown in Figure 3.6 is designed using FLC. In this work, 

FLEMS is designed with possible minimum fuzzy rules to reduce the complexity and 

enhance the fast controlling response for the proposed standalone DC microgrid. 

 

 

 

 

 

 

 

 

 

3.3.1 Microgrid Specification 

The following points summarizes the specification of the proposed system: 

• Photovoltaic solar system of 5kw is connected to power electronics such as DC/DC 

boost converter to meet the microgrid requirement. More details on the model used 
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and explained extensively in subsection 3.3.1. Maximum power point tracker is 

integrated with the converter to enable the PV system harvesting maximum power 

regardless to the variations of temperature and irradiation. 

• Wind turbine system of 5kw is connected to power electronics such as AC/DC 

inverter to invert the AC output of the wind turbine to DC. Also, DC/DC buck 

converter used to step down the voltage and meet DC bus requirements of the 

microgrid. Parameters of the PMSG are the same as used in the investigation study 

in Section 3.2.2. 

• Fuel cell of the type Proton exchange membrane (PEMFC) (5KW-45V) connected 

to DC/DC converter to meet the DC bus requirements of the microgrid.  

• Battery energy storage system of 20 kWh capacity of the type Lead Acid. The size 

of the battery is obtained based on BSA that explained in detail in subsection 3.1.4.  

• House load demand modeled based on real data recorded from real house inside 

KFUPM campus. (House NO. 3307 based HVAC VFD system). 

• 110-volt DC bus collects the power from generation and backup sources according 

the control actions of the FLEMS and supplies the load demand. 

The main objective of the FLEMS is to guarantee that the house load is supplied by 

enough power to meet the variable load demand with the maximum use of renewable 

energy sources. EMS stores the surplus energy harvested from renewables in BESS and 

uses it when renewables cannot generate enough power. When renewable generation and 

the BESS are unable to meet the load demand, EMS controls the operation of the fuel cell 

to compensate the absence of PV, WT and BESS. 
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FLC is used to control the operation of the fuel cell with the help of control switches in 

order to compensate the absence of renewables generation and the battery energy storage 

system. FLC used the system is explained in detail in next subsection. The control system 

also maintains the SOC of the BESS that should operate between 20% to 95% to increase 

its lifetime. 

 

3.3.2 Fuzzy Logic Controller 

 

The fuzzy logic controller has two inputs which are the SOC of the BESS and the net 

power. Net power is the difference between power generated from renewables and the load 

demand power calculated as: 

 P'>� = PD>'>Q@��>	 −	P�j@: (25) 

P'>� represents the net power, PD>'>Q@��>�  represents the power generated from RES and 

P�j@:  represents the load demand power. PD>'>Q@��>	  is given by the sum of power 

generated from renewables in the microgrid as: 

 PD>'>Q@��>	=  P=j�@? + P�^':	 (26) 

P=j�@? and P�^':	are the power generated from PV and WT systems respectively. By 

using (25), the fuzzy rules decreased from 125 rules (if three inputs used) to only 25 rules 

(using two inputs only), hence, enhancing the system response and lowering the 

complexity. Figures (3.7, 3.8, and 3.9) illustrate the un-optimized membership functions 

for inputs and output of the FLC. Table 3.2 illustrates FLC base rules. 
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Figure 3.7: First Input Membership Functions of FLC  

Figure 3.8: Second Input Membership Functions of FLC 
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Figure 3.9: Output Membership Functions of FLC 

 

 

 

 

 

 

 

 

Table 3.2: Fuzzy Rules of the Microgrid EMS FLC 

Backup Power Net Power (P'>� = PD>'>Q@��>	 −	P�j@:) 

BN SN ZE SP BP 

 

 

SOC 

VL VH H L L VL 

L H M VL VL VL 

M VL VL VL VL VL 

H VL VL VL VL VL 

VH VL VL VL VL VL 

 

The abbreviations VL, L, M, H, VH stand for: very low, low, medium, high and very 

high respectively and the abbreviations BN, SN, ZE, SP, BP stand for: big negative, small 

negative, zero, small positive and big positive respectively. 
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3.4 Optimization of FLEMS Using Artificial Bee Colony 

 

FLC can be optimized using intelligent optimization techniques. The optimization is 

done to enhance the output of the FLC to reach the desired action with good performance 

and high efficiency. In this work, FLC controls the operation of the backup systems in the 

microgrid such as the fuel cell or the diesel generator during the insufficient or absence of 

renewable generation and storage system. However, making theses backup systems 

following the varying load demand by minimum fuzzy rules is difficult process. Therefore, 

optimizing the FLC using intelligent technique can make a difference in controlling process. 

One of the recent and effective intelligent optimization techniques is the artificial bee 

colony (ABC). It is considered as one of the evolutionary algorithms. This technique 

simulates the foraging behavior of honey bees and has been used successfully in many 

applications. It was first proposed by Karaboaga in 2005. 

 

3.4.1 Natural Honeybee Swarm Behavior 

 

To understand the concept of the ABC algorithm, first, an overview on the behavior of 

natural honeybees that inspired the proposed optimization technique is given below. In 

general, The honeybees behavior for seeking the food sources divided into three parts [64]: 

• Food Sources: the worth of the food source depends on many factors such as its 

nearness from the beehive and the nutritional value of the food, in other words, 

the amount of energy that can be extracted from that source. The food source 
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represents the probable solution and the quality of the food source represents the 

fitness of the solution for the optimization problem. 

• Employed bees: They go to utilize the food source and come back to the hive in 

a manner called (waggle dance). The employed bees share the information of 

their food sources such as the distance and direction from the beehive with 

onlooker bees. The number of employed bees equals the number of the used food 

sources. When such food source is left, the associated employed bee become 

scout bee and searches for another food source. The number of employed bees 

represents the number of solutions. 

• Unemployed bees: they are divided into two types. Scout bees who their food 

sources vanished, and they search for another food source. The other type is 

onlooker bees which are continually at a look and wait to the (waggle dance) to 

establish food source exploiting. 

 

3.4.2 Artificial Bee Colony Algorithm 

 

ABC algorithm divided into two halves represent the two stages of the honeybee's 

behavior. The first half allocated for the behavior of the employed bees and unemployed 

bees. The second half contains two types of bees: the scout bees and the onlooker bees. 

Figure 3.10 illustrates the algorithm flowchart and shows the steps of ABC optimization.   
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Figure 3.10: ABC Algorithm 

 

 

 

  

 

   

  

 

 

 

 

 

 

 

 

The first stage of the algorithm initializes the initial solutions �^ (food sources) in a 

random distributed manner in N-dimensional vectors (s = 1,2,3… . ��) where N is the 

number of optimized parameters and �� is the food sources number. After that, these 

Start 

Initialize   

Maximum number of iterations (MNI) 

Number of Food Sources (SN) and Limit Value (L) 

Iteration = 1 

Evaluate the determined food sources by employed bees 

Calculate probability value of the source by onlooker bees  

Produce candidate food source from old one in memory  

Search for new food source by scout bees 

Memorize the best solution 

Iteration = MNI 

Iteratio
n

 =
 iteratio

n
+

1
 

End 

Yes 

No 
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solutions subjected to number of iterations of the complete search procedure. The 

employed bees start exploiting these sources, evaluate its quality according to the fitness 

function, and then share the information with the onlooker bees. 

Depending on the probability value of the food source, the onlooker bee chooses a source 

food. The onlooker bee calculates the probability value as: 

 P' = �t^�'>��,'∑ �t^�'>��,^�M^va  (27) 

where P' is the probability value of the desired source, �t^�'>��,' is the current fitness 

source.  After that, ABC produces a candidate food source from old one in memory as: 

 �̂ ,� = 6^,� +	�^,�(6^,� − 6 ,�) (28) 

where � = 1,2,3, … . �� , ¡ = 1,2,3, … . . , � and s = 1,2,3, … . . , � are random indexes, k 

must be different from i value and �^,� is a random constant between [-1,1]. If the position 

source cannot be improved, the source is abandoned, and the employed bee become a scout 

bee and searches for new food source. The operation is defined as: 

 6 �̂ = 6l^'� + h�¢�(0,1)(6l@{� − 6l^'� ) (29) 

where 6^is the abandoned sources and ¡ ∈ ¤1,2,3, … ,�¥. The procedure repeated according 

to the iteration number until the best solution obtained [65]. 
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Figure 3.11: Optimization of Fuzzy Logic Controller Using ABC Algorithm 

3.4.3 Optimizing Microgrid FLC using ABC 

 

Depending on ABC intelligent optimization algorithm, the FLC is optimized by finding 

the optimal values for inputs and output scaling factors as well the optimal values of the 

membership functions base values. The ABC algorithm searches for the optimal values 

according to the developed fitness function. Figure 3.11 illustrates the optimization process 

for FLC. 
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The Objective Function: 

 

The aim of the optimization process in this stage is to enhance the operation of the FLC. 

In other words, it should minimize the error between the current operation of the fuel cell 

and the actual power needed from it. The fitness function in this stage can be written as: 

 | = 	¦ |∆P|��}+
�  (30) 

where   is the simulation time which is 24 hours (86400 seconds) and ∆P is the difference 

between the generated power from fuel cell and the reference power. ∆P calculated as: 

 ∆P = 	PD>t −	P��  (31) 

where P��  is the fuel cell power and PD>t  represents the reference power (actual needed 

power) and given as: 

 PD>t = ¨P�j@: −	PD>'>Q@��>	 −	P©ª==		, P�j@: ≥ PD>'>Q@��>	
0																																																				,									�}ℎ5h�s��  (32) 

where P�j@: , PD>'>Q@��>	, P©ª== , are load power, power generated from the renewables 

systems, and power discharged from the battery storage system respectively. Hence ∆P 

can be written as: 

 ∆P = ¨P�j@: −	PD>'>Q@��>	 −	P©ª==	 −	P�� , P�j@: ≥ PD>'>Q@��>	
0																																																																	, �}ℎ5h�s��  (33) 
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The objective function constrains given as: 

 (=j;l^' ≤ (=q� ≤ (=j;l@{ (34) 

 (M>�$jQ>?l^' ≤ (M>�$jQ>? ≤ (M>�$jQ>?l@{  (35) 

 (��$jQ>?l^' ≤ (��$jQ>? ≤ (��$jQ>?l@{  (36) 

 �w�	$j^'�l^' ≤ �w��j^'� ≤ �w�	$j^'�l@{  (37) 

were (=q� , (M>�$jQ>?  and (��$jQ>? are the scaling factors of the two inputs and output of 

the FLC. �w��j^'� is the value of each base of each membership function, thus each input 

and output of the FLC in this work has 10 base values. The minimum and maximum 

boundaries of these constants are initially determined by trial and error method. 

 

3.5 Economic Dispatch for the Microgrid 

 

Due to low wind speed in Dhahran city which is the location of current study, the 

generation of small-scale WT for residential use will be less efficient. In addition to that, 

the installation cost of the WT is more expensive. Hence, from economic point of view, it 

will be better if the WT system replaced by another source such as a diesel generator. 

Unlike WTs, DGs are a dispatchable sources since their rated power can be controlled 

according to the load demand. In this work, the microgrid has already a dispatchable source 

which is fuel cell. Hence, to reduce the generation cost for these sources, economic dispatch 

problem is solved and will be integrated with the FLEMS. Figure 3.12 illustrates the 

microgrid configuration in this stage. 
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Figure 3.12: Structure of the Microgrid in Economic Dispatch Stage 

Economic dispatch is an expression using for describing the optimal generation of 

several generators in an electrical system to meet the load demand while maintaining the 

lower possible cost of generation subjected to several constrains [66]. The economic 

dispatch problem usually solved using special software program. Recently, optimization 

techniques are used, and they are gaining wide popularity. 

 

 

 

 

 

 

 

 

 

The specification of the modified version of the microgrid in this stage can be summarized 

as follows: 

• Dispatchable back up sources of the microgrid in this stage are fuel cell and diesel 

generator.  
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• The size of the diesel generator is 1KW and the size of fuel cell is 3KW, together 

they can deliver up to 4KW during operation. 

 

3.5.1 Objective Function of Microgrid for Economic Dispatch 

 
The aim of applying the economic dispatch within the FLEMS of the microgrid is to 

minimize the total generation cost.  In order to develop the microgrid cost function, the 

cost function of each dispatchable source must be determined.  The cost function of DG is 

assumed as a second order polynomial function as: 

 ��%P��,�, = 	��� + ¬��P��,� + ��P��,�� (38) 

where �� is the cost function of the diesel generator at time }. %P��,�, is the output power 

of the diesel generator at the same time. ��� , ¬��  and ��  are the cost coefficient of the 

DG. The cost function of the fuel cell is also assumed as a second order polynomial 

function as: 

 ��%P��,�, = 	��� + ¬��P��,� + ��P��,�� (39) 

where �� is the cost function of the FC at time }. %P��,�, is the output power of the fuel cell 

at the same time. ���, ¬��  and �� are the cost coefficient of the FC. Hence, the objective 

function can be written as follows: 

 �s¢.					U =�[��(P��) +	��(P��)]+
�va  (40) 
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where U is Total generation cost, ��(P��) is cost function of the diesel generator at time t 

and ��(P��) is cost function of the fuel cell at time t. the constrains are stated as follows; 

(41) represents the equality constrain while (42) and (43) represent the inequality 

constrains. 

 P��,� +	P��,� =	P�j@:,� −	P?>'>Q@��>,� − P©ª==,� (41) 

 P��l^' ≤ P�� ≤ P��l@{
 (42) 

 P��l^' ≤ P�� ≤ P��l@{
 (43) 

Parameter of the Cost Function 

 

The maximum and minimum boundaries of the inequality constrains are set depending 

on the rated power of DG and FC as: 

 

 0 ≤ P�� ≤ 1(® (44) 

 0 ≤ P�� ≤ 3(® (45) 

 

The cost coefficient of the FC and the DG are set according to the literature [67], [68] as 

shown in Table 3.3. 
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Table 3.3: Cost Coefficient of the dispatchable sources of the microgrid 

Coefficient Fuel Cell Diesel Generator 

� 19.36 10 

¬ 4.94 200 

 0.77 100 

 

 

3.5.2 Intelligent Techniques for Solving Economic Dispatch Problem 

 

To lower the cost of operation by economic dispatch, three intelligent optimization 

techniques conducted to solve the problem. One of them is the artificial bee colony (ABC) 

which was explained previously for optimizing the FLC. The other techniques are particle 

swarm optimization (PSO) and genetic algorithm (GA) techniques.  

Particle Swarm Optimization 

PSO is an intelligent technique used for optimizing formulated problem inspired by the 

natural behavior of the fish and birds swarm. It was first proposed by Kennedy and Eberhart 

1n 1995 [69] and modified later by Shi and Eberhart [70]. The concept of this algorithm is 

that each particle in the search space has its own co-ordinates and represents a probable 

solution for the problem. These particles update their position and velocity in each iteration 

according to their best-known solution. Finally, all particles contribute in obtaining the best 

global solution. 
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Let vectors 	¯̂ = [¯̂a, ¯̂�, ¯̂4, … . , ¯̂' ] and �^ = [�^a, �^�, �^4, … . , �^']  represent the 

position and velocity of the PSO algorithm. Vectors 	��>��^ =
[¯̂a��>�� , ¯̂���>�� , ¯̂4��>�� , … . , ¯̂'��>��] and -�>�� = [ ā��>�� , �̄��>�� , 4̄��>�� , … , '̄��>��] 
represent the best position of the particle and the best position of particle neighbors 

respectively which is the global best solution. When a particle finds its best values, its 

position and velocity updated as follows: 

 

� ̂Ca = � ̂ ∗ i + Ua ∗ h�¢�(0,1) ∗ %��>��^ − ¯̂ , 																																		
+ U� ∗ h�¢�(1,0) ∗ (-�>�� − ¯̂ ) (46) 

 ¯̂ Ca = ¯̂  + � ̂Ca (47) 

where � ̂  and ¯̂  are the particle velocity and position at iteration k respectively. Ua	and 

U� are the acceleration factors. i is inertia weight and calculated as: 

 i = il@{ − �il@{ −il^'(l@{ � ( (48) 

where  il^'  and il@{  are the initial and final inertia weight respectively while ( and  

(l@{ are the current and the final number of iteration respectively [71], [72]. 

The objective function of the economic dispatch problem used in this stage is defined in 

3.5.3. Figure 3.13 illustrates the flow chart of PSO algorithm for solving ED problem. 
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Figure 3.13: PSO Algorithm 
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Genetic Algorithm 

 

GA is one of the most famous algorithms used for optimization. It was inspired by the 

process of natural selection to produce high-quality generation. It belongs to the 

evolutionary algorithms family and used to produce high quality solution for the 

optimization problem. The algorithm consists of several procedures that can be 

summarized in several steps. At the beginning, it initiates the population, then evaluate this 

generation according to the fitness function. After that, genetic operations as selection, 

crossover and mutation process taken place to produce a better generation. The process 

repeated according to the number of iterations until best solution obtained. 

The algorithm generates the initial population in N-dimensional strings. These strings 

contain the parameters of the optimization problem and they are coded in the form of binary 

digits. Binary strings are the basic structure that GA algorithm can deals with. in fact, they 

represent the chromosomes where each binary digit represents a gene. Second, the 

algorithm evaluates the individuals of the population according to the fitness function as: 

  |(°) = 11 + �(6) (49) 

where |(°) is the fitness function and F(x) is the objective function of the optimization 

problem. In the next stage, three genetic operators produce the new generation; 

reproduction, crossover and mutation. In reproduction, copies of the old chromosomes are 

placed in matting pole according to the fitness value. The chromosome that has higher 

value, higher number of copies will be placed. 
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Then, chromosomes from the matting pole is selected depending on a common 

mechanism called roulette-wheel according to the fitness probability as: 
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Iteration > Max Iter 

End 

Iteratio
n

 =
 iteratio

n
 +

 1
 

Yes 

No 

Figure 3.14: GA Algorithm 

Iteration = 1 
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 Pt = |̂∑ |̂M�v^  (50) 

where |̂  is the fitness value of the string and N is the number of individuals in the 

population. The second operator in the second stage is crossover that exchanges 

information of the strings in the matting pool to generate new stings. The third operator is 

mutation where the genes (binaries) inside the chromosomes (strings) are replaced by other 

ones to create a new structure [73], [74]. Figure 3.14 illustrates the flowchart for GA used 

for solving ED problem. 

 

3.5.3 Optimized FLEMS with Economic Dispatch  

 
The aim of economic dispatch problem for any power system that contains several 

dispatchable sources is solved to minimize the generation cost. The economic dispatch 

gives the optimal amount of power that each generator must produce in specific time to 

operate the system economically. It is considered as a controlling approach that depends 

on scheduling procedure. However, in this work, a new approach is proposed to control the 

dispatchable sources in the microgrid using economic dispatch within the optimized 

FLEMS.  

The idea behind this approach is to set a limit value of power generation for each 

dispatchable source in the microgrid system that controlled by the optimized FLEMS in 

each hour of the day. Figure 3.15 illustrates the proposed controlling process. The 

economic dispatch problem for the proposed microgrid in this stage of is developed in 3.5.1 

and simulation is conducted in MATLAB/Simulink. The obtained limits of power 
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Figure 3.15: Proposed Microgrid FLEMS with Economic Dispatch  

generation for each hour of the day for each dispatchable source in the microgrid is 

embedded within the optimized FLEMS. The simulation results of the proposed method 

are compared with other methods results in previous sections and presented in next chapter. 

the comparison in energy savings are conducted among microgrid with FLEMS, microgrid 

with optimized FLEMS, and microgrid with optimized FLEMS considering economic 

dispatch. 
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4 CHAPTER 4 

SIMULATION RESULTS and DISCUSSIONS 

The simulation of this work is divided into four main stages as explained earlier in 

Chapter 3. All microgrid components and power electronics used for integrating these 

components to form the microgrid is done using MATLAB/Simulink environment while 

the intelligent techniques used for optimization purpose is done by MATLAB coding and 

connected to the microgrid in the Simulink. 

The first section in this chapter presents the simulation results and discusses for studying 

the effect of ambient temperature on the modeled PV solar system of the microgrid 

depending on real data of Dhahran city that in Saudi Arabia as a case study. The second 

section presents the results of simulation that conducted for investigating the potential for 

installing small-scale hybrid renewable energy system to supply residential house 

depending on real data collected from the area of the study. Energy analyzing is also 

conducted in this study for the purpose of investigation. 

The third section exhibits the simulation results of the microgrid controlled by fuzzy 

logic energy management system of low complexity. Furthermore, the results are 

optimized using artificial optimization technique while maintaining the minimum possible 

number of fuzzy rules. Real data of two hot summer days in Dhahran city used in 

simulation as case of study. A comparison in the system efficiency before and after 

optimization is also presented.  
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The last section presents the simulation results of solved economic dispatch problem 

using three intelligent optimization techniques for lowering operation cost and enhancing 

the microgrid efficiency. In addition, the simulation results the microgrid controlled by 

optimized FLEMS considering the economic dispatch presented using real data for 24 

hours of summer day as a case of study. A comparison in terms of efficiency and cost with 

conventional methods is also presented. 

 

4.1 The Effect of Ambient Temperature on the Solar System 

 
As explained earlier in Section 3.2.1, three models of 5kW photovoltaic solar power 

systems were built and tested to investigate the effect of different values of ambient 

temperature on the output power with fixed irradiation. The results of the test are presented 

in Table 4.1. It is noticeable that third way of connection of the PV arrays that illustrated 

in Figure 3.4 is the best one among others when exposed to high temperatures and fixed 

irradiation. Hence, this model is used in obtaining the best-operating temperature for PV 

systems during different seasons months in Dhahran. The same configuration also used in 

the microgrid in this work. 
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Table 4.1  Comparison of Power Output Three Different PV Configurations with Varing Temprature 

Radiation [ 1000 w/ 	m�] 

Temperature 

(Celsius) 
Series (kW) Parallel (kW) Parallel  & Series (kW) 

10° 5.671 5.281 5.727 

15° 5.688 5.297 5.744 

20° 5.701 5.307 5.757 

25° 5.708 5.316 5.764 

30° 5.703 5.313 5.759 

35° 5.682 5.294 5.738 

40° 5.634 5.252 5.689 

45° 5.547 5.174 5.600 

50° 5.402 5.045 5.453 

55° 5.180 4.845 5.228 

60° 4.858 4.554 4.902 

 

To obtain the best-operating temperature in different weather conditions, five months 

from different seasons in Dhahran were selected to be tested in the designed PV system. 

Solar irradiation and ambient temperature for January, February, April, July and October 

in 2016 are applied to the system.  

Figure 4.1 illustrates the solar irradiation, ambient temperature for 23 days in January 

applied to 5kw PV model in addition to the power output for the same days. The 

temperature in this month is considered as perfect for the model since it is winter season. 

However, the solar irradiation plays a key role in the output power. Winter season in 



60 

 

Figure 4.1: Irradiation and Ambient Temperature of January with Power Output From 5kw PV System 

Dhahran usually be rainy and cloudy which means low irradiation, hence low power 

generated from PV system. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The input environmental data for the PV system and the power output of second month 

which is February are illustrated in Figure 4.2.  For more clarification, the month days 

separated into two halves. In first half, the power output still low except for the first two 

days. This is due to the low irradiation in winter season in Dhahran although the 

temperature still in lower values during the day hours. The second half shows increasing 

in the power output while the sun irradiation getting to increase by the end of winter season. 
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Figure 4.2: Irradiation and Ambient Temperature of February with Power Output From 5kw PV System 

On the other hand, the temperature is also increasing, and this affects passively on the 

power output as will be seen in the next months results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
April is the third month chosen for simulation. Figure 4.3 shows the power output 

generated based on the applied solar irradiation and ambient temperature for 12 days of 

this month in the PV system. Irradiation amount reaches its optimum levels in April at 

Dhahran. The ambient temperature is still in acceptable range with an average of 30°C. 
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Figure 4.3: Irradiation and Ambient Temperature of April with Power Output From 5kw PV System 

Hence, the power output generated from 5kw PV system reaches its highest level in spring 

season. Some days in the figure show low generation due to the clouds and rains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Moving to the hottest month in the summer season in Dhahran which is July as shown in 

Figure 4.4, the power output is decreased by 23% when compared with April as shown in 

Figure 4.3. This is due to the high increase in temperature in summer months that reaches 

up to 50°C in midday hours, hence, this affects the power output of the PV system passively 

although that solar irradiation is high and most of July days is shiny and no clouds shade 

the PV panels. However, the temperature here is playing the key role in this situation. 
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Figure 4.4: Irradiation and Ambient Temperature of July with Power Output From 5kw PV System 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5 exhibits the input environmental data and simulation results for the designed 

PV system in October; the last month of simulation in this stage. The results show a stable 

power generation during the whole month days. However, the efficiency still not as high 

as spring season; around 76% of that in April, although the ambient temperature decreases 

during this month. One explanation for this is that the change of incident angel of sunrays 

in autumn season is differentiated from that in spring season due to the change in earth 

position around the sun which changes its rotation axis position consequently.    
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Figure 4.5: Irradiation and Ambient Temperature of October with Power Output From 5kw PV System 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
From simulation results of this stage, its noticeable that the ambient temperature plays a 

major role in PV system efficiency even if the solar irradiation is high. The ideal 

temperature of any PV system is 25°C. However, existed cooling technologies for PV 

systems cannot decrease the temperature to this value in hot weather conditions such as in 

summer in Dhahran city. Therefore, a set point for ambient temperature called best-

operating temperature is obtained depending on the generated power from high generation 

days of each month as exhibited in Table 4.2. Taking these set points of ambient 

temperature in consideration during cooling process, PV system can operate properly and 

generate acceptable amount of power in hot areas like Dhahran city in Saudi Arabia. 
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Table 4.2  Best-Operating Temperature for Five Months in Dhahran 

Month Best Operating Temperature 

January 22.50° C 

February 28.74° C 

April 33.76° C 

July 44.80° C 

October 37.85° C 

 

 

 

4.2 Results of Renewable Energy Potential in Dhahran 

 

This section allocated for presenting the results of investigating the feasibility for 

installing small-scale HRES and energy analysis generated from it under weather 

conditions of Dhahran. The simulation of this section divided into two parts: the first part 

obtains the annual average energy generated from both PV and WT systems depending on 

annual average environmental data collected in 2016. The second part analyzes the energy 

generated from the HRES for three different days from different seasons in the same 

location and compared with real residential load demand. 
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Figure 4.6: Average Solar Irradiation for 365 days in 2016 Applied to the PV System 

Figure 4.7: Average Ambient Temperature for 365 days in 2016 Applied to the PV System 

4.2.1 Obtaining Annual Average Energy of Small-Scale HRES 

 

The average solar irradiation, ambient temperature and wind speed for 365 day in 2016 

are illustrated in Figures (4.6 - 4.8) respectively. These data applied to the HRES model to 

obtain the annual average energy. 
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Figure 4.8: Average Wind Speed for 365 days in 2016 Applied to the WT System 

Figure 4.9: Average Output Power for 365 days in 2016 from 5kw PV System 

 

 

 

 

 

 

 

 

 

  

 
 

Figure 4.9 illustrated the average annual generation of 5kw PV solar system. The figure 

shows that the power generated from PV system is influenced by irradiation amount that 

falls on the PV modules and influenced by the increase of ambient temperature passively. 

Dhahran experiences the highest solar irradiation during summer and spring seasons. On 

the other hand, the ambient temperature also gets increased in these seasons to its highest 

level of the year.  
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Figure 4.10: Average Output Power for 365 days in 2016 from 5kw WT System 

 

 

 

 

 

 

 

 

 

 

 
According to the data recorded, Dhahran experiences moderate wind speed during 

afternoon period in normal weather condition. The average wind speed in Dhahran is around 

5.5 m/s as shown in figure 4.8. Thus, small-scale WT that has low cut-in speed ranging 

between 3.5 to 4.5 m/s would be an appropriate option for HRES in such region. Figure 4.10 

shows the annual average from WT system in 2016. The annual load demand of residential 

house during the same year is 9006.15 kWh that means HRES generation can meet the 

residential demand. Table 4.3 exhibits the average energy generated annually from each 

source of the HRES in 2016. 

 

Table 4.3 Average Energy Generated from Hybrid (RES) in 2016 

HRES Component Annual Average Energy  

Solar Photovoltaic System 3334.98 kwh 

Wind Turbine System 2693.71 kwh 

Total 8113.67 kwh 

Residential Load Demand 9006.15 kWh 
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Figure 4.11: Solar Irradiation, Ambient Temperature and Wind Speed of 26th of March 

Figure 4.12: HRES Generation Compared with Residential Load Demand in 26th of March 

4.2.2 Analysis of Three Different Seasonal Days Compared with Residential 

Load Demand 

 
Solar irradiation, ambient temperature and wind speed real data for 24 hours from 

different seasonal days in 2016 applied to the HRES. Figure 4.11 exhibits real 

environmental data of 26th of March. In this day, the solar irradiation is high, and ambient 

temperature is moderate as is the case in most of spring days. Thus, the solar generation is 

in its best at this month of the year. The system generation compared with house load 

demand as exhibited in Figure 4.12.  
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Figure 4.13: Solar Irradiation, Ambient Temperature and Wind Speed of 27th of July 

The system generation starts to meet the load demand from early morning hours up to 

sunset. It meets the load demand most of the day hours.  The house load demand in this day 

is 10.2268 kWh and there is an excess of energy of 28.5kWh. Table 4.4 exhibits energy 

analysis calculation from simulation results of this day. 

 

Table 4.4  Energy Generated from HRES and Surplus Energy in 26th of March 2016 

HRES Component Energy 

Wind Turbine System 13.182 kWh 

Solar Photovoltaic System 25.62 kWh 

Total generation 38.8 kWh 

Load consumption 10.2268 kWh 

Surplus 28.573 kWh 

 

The second day chosen for testing the system is 27th of July in summer season. Figure 

4.13 illustrates the recorded environmental data for this day. It is noticeable that solar 

irradiation is at its best near the optimum value for PV panels which is 1000w/m�, however, 

the ambient temperature increased by 10 degrees than it was in spring season. 
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Figure 4.14: HRES Generation Compared with Residential Load Demand on 27th of July 

Figure 4.14 illustrates HRES generation along with load demand in this day. In this day, 

the system starts power generation from early morning hours up to midnight, however it 

meets the load demand only from 9 AM to 4 PM. Although the system does not meet the 

total demand of the day, it generated an excess energy in midday hours as shown in the 

same figure. An existence of backup system to store the surplus energy in midday hours 

and compensate low energy production at night is a necessary need. 

 

 

 

 

 

 

 

 

 

 
 

Energy consumption of the house in this day is 52.36 kWh while the total energy 

generation is 34.6 kWh. Therefore, another sources of energy other than batteries are 

needed in summer season. This is due to the increase of ambient temperature to high 

degrees during summer in eastern region of Saudi Arabia. Hence, residential load demand 

increases drastically due to use of air conditioners all day. Table 4.5 presents energy 

analysis of the HRES in this day and exhibits the difference between generation and load 

consumption by the amount of needed energy to be compensated. 
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Figure 4.15: Solar Irradiation, Ambient Temperature and Wind Speed of 27th of October 

Table 4.5  Energy Generated from HRES and Surplus Energy in 27th of July 2016 

HRES Source Energy 

Wind Turbine System 4.56 kWh 

Solar Photovoltaic System 30.0571 kWh 

Total generation 34.6179 kWh 

Load consumption 52.3577 kWh 

Surplus  17.7398 kWh 

 

The last day chosen for testing in the system was 27th of October in autumn season. 

Figure 4.15 shows environmental recorded data of this day. A noticeable drop in 

temperature than in summer is offset by a decrease in irradiation due to the change of 

incidence angle of sun in autumn season which consequently leads to decrease in solar 

efficiency in this season months.    

 

 

 

 

 

 

 

 

 
Figure 4.16 shows the system generation in this day compared with load demand of the 

house for 24 hours. HRES generation meets the load demand during midday hours (from 9 

AM to 1 PM) with an excess energy that can be stored in energy storage system for later 

usage. The total energy generation in this day is 21 kWh while the house load demand is 
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Figure 4.16: HRES Generation Compared with Residential Load Demand in 26th of October 

18.3 kWh. The total load demand of the day is almost near the generation with an excess of 

2.8 kWh. This means that the use of storage system will make the system supply the 

residential house completely from renewable energy during this season days. Table 4.6 

presents energy analysis of HRES during the third day of simulation.  Dhahran in winter 

season experiences cold weather with a moderate winds and moderate amount of irradiation 

offset by very low energy consumption in residential houses which makes the proposed 

system works efficiently in this season without need for other backup systems.   

 

 

 

 

 

 

  

 

 

 
 

Table 4.6: Energy Generated from HRES and Surplus Energy in 27th of October 2016 

HRES Source Energy 

Wind Turbine System 7.040 kWh 

Solar Photovoltaic System 13.97 kWh 

Total generation 21.01 kWh 

Load consumption 18.2385 kWh 

Surplus 2.772 kWh 
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4.3 Results of Microgrid FLEMS Optimization Using ABC Technique 

 

In this stage of simulation, all microgrid components are integrated together using power 

electronics devices controlled by FLEMS. Optimization using ABC algorithm is conducted 

to enhance the performance of the FLC that controls the operation of the fuel cell as a 

backup source. The optimization process is conducted for both; the membership function 

and the scaling factors of inputs and output of the FLC of the microgrid. The system tested 

using real data of two summer days in Dhahran city; 27 and 29 July 2016, using solar 

irradiation, ambient temperature, wind speed and residential load demand recorded inside 

KFUPM campus. Comparison in system efficiency with / without optimization is 

presented. 

 

4.3.1 Optimizing FLC of Microgrid EMS Using ABC Algorithm 

 

The proposed microgrid with the initial scaling factors for inputs and output of FLC and 

basic membership functions were simulated within ABC optimization algorithm. The 

algorithm is run with different number iteration; 20, 50 and 100, for 86400 seconds (24 

hours) in MATLAB/Simulink. The more iteration, the better optimization results. Figures 

4.17, 4.18, and 4.19 illustrate the optimization convergence during simulation process for 

different number of iterations. Optimal membership functions and scaling factors for FLC 

after optimization are exhibited in Tables 4.7 and 4.8. Figures (4.20 - 4.22) illustrate the 

optimized FLC membership functions. 
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Figure 4.17: Conversion of FLC Optimization Using ABC by 20 Iterations 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Figure 4.18: Conversion of FLC Optimization Using ABC by 50 Iterations 
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Figure 4.19: Conversion of FLC Optimization Using ABC by 100 Iterations 

 

 

 

 

   

 

 

 

  

 

Table 4.7: Optimal Scaling Factors for FLC Obtained from ABC Optimization Algorithm 

Factor Optimal Value 

(=q� 1.293 

(M>�$jQ>? 0.706 

(��$jQ>? 0.9012 
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Table 4.8: Optimal Base Values of FLC Membership Functions Obtained from ABC Optimization 

Membership 

Function Left base point Top point Right base point 

First FLC input membership functions optimized values (Battery SOC) 

���j; 0 0 0.15 

��j; -0.0425 0.158 0.3373 

��j; 0.1762 0.4762 0.7762 

²�j; 0.6034 0.8102 1 

�²�j; 0.843 1 1 

Second FLC input membership functions optimized values (Net Power) 

BN -1 -1 -0.507 

SN -1.042 -0.5476 -0.04232 

ZE -0.5265 -0.02646 0.4232 

SP -0.07407 0.5741 1.074 

BP 0,5 1 1 

FLC output membership functions optimized values (Backup Power) 

��t; -0.2876 -0.04662 0.0863 

�t; -0.03 0.2276 0.485 

�t; -0.2276 0.485 0.7426 

²t; 0.485 0.7462 1 

�²t; 0.7462 1 1 
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Figure 4.20: Optimized Membership Functions of First Input of FLC 

Figure 4.21: Optimized Membership Functions of Second Input of FLC 
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Figure 4.22: Optimized Membership Functions of The Output of FLC 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Simulation Results of the Microgrid System with Optimized FLEMS 

As mentioned previously, the simulation of the optimized FLEMS is carried out for two 

summer days that considered as the hottest days of the year according to the collected data 

to test the proper operation and efficiency of the proposed microgrid with / without 

optimization.   

Microgrid Simulation Results of 27th of July 

 

Figures (4.23 – 4.26) illustrate the real data applied to the microgrid in the first day of 

simulation. The SOC of the BESS is set initially to 100%. 
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Figure 4.24: Ambient Temperature of 27th of July 2016 in Dhahran 

Figure 4.25: Wind Speed of 27th of July 2016 in Dhahran 

Figure 4.26: Residential Load of 27th of July 2016 in Dhahran 

Figure 4.23: Solar Irradiation of 27th of July 2016 in Dhahran 
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Figure 4.27: RE Generation VS Load Consumption with AUC Calculations on 27th of July 2016 

 
  

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.27 illustrates the renewable energy generated from microgrid on 27th of July. 

Four areas of energy were calculated using AUC method. In first area during morning 

hours, residential load energy is (11.6571 kWh) and this amount of energy should be 

supplied by backup sources since the renewable generation cannot does. The upper energy 

area in the figure that has (6.12 kWh) during midday hours is the surplus energy from 

renewable sources after meeting all load demand and should be stored in the BESS. The 

middle area that has (26.5537 kWh) is the total load that met by renewable generation 

during day hours. The last area (14.1297kWh) is the residential load demand during 

evening and night hours that renewables cannot supply it with energy, hence, backup 

sources (BESS and fuel cell) should compensate it. Figures (4.28 – 4.30) exhibits the SOC, 

current and voltage of the BESS for 24 hours on 27th of July respectively. 
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Figure 4.28: BESS SOC for 24 Hours on 27th of July 2016 

Figure 4.29: BESS Charging/Discharging Currents During 24 Hours on 27th of July 2016 

Figure 4.30: BESS Voltage During 24 Hours on 27th of July 2016 
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Figure 4.31: The Operation of the Fuel Cell for 24 Hours on 27th of July 2016 with / without ABC 

Optimization for FLEMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.31 exhibits the operation of the fuel cell with / without FLEMS 

optimization compared with the RES generation, load demand of the house and 

SOC of the BESS. More details of the operation are explained in the following 

analysis  

Energy Dispatch Analysis for Microgrid on of 27th of July 2016 

 
Table 4.9 exhibits the energy generated from each RES, load demand for the residential 

house, and the fuel cell generation that controlled by FLEMS with / without optimization. 
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Table 4.9: Generation and Consumption Energy Analysis of Microgrid on 27th of July 2016 

Residential Load Consumption 52.3287 kWh 

PV System Generation 27.5961 kWh 

WT system Generation 5.0776 kWh 

Total RE generation 32.6737 kWh 

Fuel Cell (controlled by basic FLEMS) 9.8047 kWh 

Fuel Cell (controlled by optimized 

FLEMS) 

5.719 kWh 

 

The energy dispatch for BESS in this day is divided into three periods as follows: 

• First period (12:00 AM – 8:10 AM): 

The BESS discharged from 100% to 41.14%; 58.86% was dispatched to house load. 

58.86% (discharged amount) × 20 kWh (BESS Capacity) = 11.772 kWh which almost the 

same amount required to meet the first area demand as showed in Figure 4.27. 

• Second period (8:10 AM – 2:20 PM): 

The BESS charged from 41.14% to 66.5%; 25.36% was charged in BESS.  

25.36% (charged amount) × 20kWh = 5.072 kWh. 

• Third period (2:20 PM – 7.24 PM): 

The BESS discharged from 66.5% to 20%; 46.5 % was dispatched to house load. 

46.5% × 20 kWh = 9.3 kWh. The remaining period of the day (7:24PM – 11:59PM) 

compensated from fuel cell that controlled by FLEMS. Table 4.10 summarizes the energy 

dispatch of the BESS. 
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Table 4.10: BESS Operation Analysis on 27th of July 2016 

Period 

First Period 

(Discharging) 

00:00AM-8:00AM 

Second Period 

(Charging)  

8:00AM – 2:20PM 

Third Period 

(Discharging)    

2:20PM – 7:24PM 

∆ SOC 100% to 41.14% 41.14% to 66.5% 66.5% to 20% 

Energy 11.772 kWh 5.072 kWh 9.3 kWh 

 

The system efficiency is obtained to compare the difference between the microgrid 

FLEMS with / without optimization. Table 4.11 shows both efficiencies. For the purpose 

of comparison, efficiency of the system is calculated according to the given formula: 

 

 �³�}5´	� = 	
(����	U�¢�µ´7}s�¢)

y8��	8¢5h¶³	·s�ℎ.+ �}�x	�8	µ�5�	¬³	}ℎ5	x��� + �µ5x	U5xx	8¢5h¶³
 (51) 

 

Table 4.11: Comparison in System Efficiency with / without Optimization on 27th of July 2016 

FLEMS Efficiency 

Without optimization 91.12% 

With ABC optimization 98.09% 

 

Microgrid Simulation Results of 28th of July 2016 

 
Figures (4.32 – 4.35) illustrate the real data applied to the microgrid in the second day of 

simulation. The SOC of the BESS is the same from last day of simulation which is 20%. 

 

 



86 

 

Figure 4.32: Solar Irradiation of 28th of July 2016 in Dhahran 

Figure 4.33: Ambient Temperature of 28th of July 2016 in Dhahran 

Figure 4.34: Wind Speed of 28th of July 2016 in Dhahran 

Figure 4.35: Residential Load of 28th of July 2016 in Dhahran 
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Figure 4.36: RE Generation VS Load Consumption with AUC Calculations on 28th of July 2016 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 illustrates the renewable energy generated from microgrid on 28th of July. 

Four areas of energy were calculated using AUC method. During morning hours in first 

area at the left of the figure, residential load energy is (11.4444 kWh) and this amount of 

energy should be supplied by backup sources since the renewable generation cannot does. 

The upper energy area of the figure that has (6.358 kWh) during midday hours is the surplus 

energy from renewable sources after meeting all load demand and should be stored in the 

BESS. The middle area that has (26.2 kWh) is the total load that met by renewable 

generation during day hours. The last area (14.8745 kWh) is the residential load demand 

during night hours that cannot be supplied from renewables generation. Therefore, backup 
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Figure 4.37: BESS SOC for 24 Hours on 28th of July 2016 

Figure 4.38: BESS Charging/Discharging Currents During 24 Hours on 28th of July 2016 

sources (BESS and fuel cell) should compensate it. Figures (4.37 – 4.39) exhibits the SOC, 

current and voltage of the BESS for 24 hours on 28th of July respectively. 
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Figure 4.39: BESS Voltage During 24 hours on 28th of July 2016 

Figure 4.40: The Operation of the Fuel Cell for 24 Hours on 28th of July 2016 with / without 

ABC Optimization for FLEMS 

 

 

 

  

 

 

 

 

 

 
Figure 4.40 shows the operation of the fuel cell with / without FLEMS 

optimization compared with the RES generation and load demand of the house. 

The following analysis gives more understanding about the microgrid operation. 
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Energy Dispatch Analysis for Microgrid on of 28th of July 2016 

 
Table 4.12 exhibits the energy generated from each renewable source, energy load 

demand of the residential house and the fuel cell energy that controlled by FLEMS with / 

without optimization on the second day of simulation.  

 

Table 4.12: Generation and Consumption Energy Analysis of Microgrid on 28th of July 2016 

Residential Load Consumption 52.5189 kWh 

PV System Generation 28.7939 kWh 

WT system Generation 3.7641 kWh 

Total RE generation 32.558 kWh 

Fuel Cell (controlled by basic FLEMS) 29.3366 kWh 

Fuel Cell (controlled by optimized 

FLEMS) 

22.4899 kWh 

 
 

The energy dispatch for BESS in this day is divided into three periods as follows: 

• First period (12:00 AM – 8:10 AM): 

The BESS has no energy to be discharged because all of its energy was discharged to the 

house load in previous night, hence the left period in the Figure 4.36 should be supplied 

from the other backup source; fuel cell. 

• Second period (8:10 AM – 2:15 PM): 

The BESS started to charge from 20% to 47%; 27% was charged in BESS.  

27% (charged amount) × 20kWh = 5.4 kWh. 

• Third period (2:15 PM – 5:00 PM): 
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The BESS discharged from 47% to 20%, hence 27 % of BESS energy was dispatched to 

house load. 

The remaining period of the day (5:00PM – 11:59PM) compensated from fuel cell that 

controlled by FLEMS. Table 4.13 summarizes the energy dispatch of the BESS. 

 
Table 4.13: BESS Energy Operation Analysis on 28th of July 2016 

Period 

First Period 

(Discharging)      

00:00AM-8:10AM 

Second Period 

(Charging)           

8:10AM – 2:15PM 

Third Period 

(Discharging)         

2:15PM – 5:00PM 

∆ SOC 20% 20% to 47% 47% to 20% 

Energy 0 5.4 kWh 5.4 kWh 

 
 

The system efficiency is calculated according to the formula in (51) to compare the 

difference between the microgrid FLEMS with / without optimization. Table 4.14 shows 

both efficiencies. 

 
Table 4.14: Comparison in System Efficiency with and without Optimization on 28th of July 2016 

FLEMS Efficiency  

Without optimization 86.18% 

With ABC optimization 97.07% 

 

 

 

 

 

 

 



92 

 

 

4.4 Results of Optimized Microgrid FLEMS Considering Economic 

Dispatch 

 

This is the final stage of simulation and the results of the proposed method to enhance 

the performance of the optimized FLEMS depending on economic dispatch is presented in 

this section. Since diesel generator in this part replaces the wind turbine system, the 

economic dispatch problem is solved depending on real data for 24 hours of a summer day 

in Dhahran using three different intelligent techniques which are: artificial bee colony, 

particle swarm optimization and genetic algorithm. Then, the microgrid simulated using 

the best technique that minimizes the operation cost of the backup sources in the proposed 

microgrid. Cost and efficiencies are calculated to prove the effectiveness of the proposed 

method. 

 

4.4.1 Simulation Results of Economic Dispatch Using Three Intelligent 

Techniques 

 

Real data of 28th of July 2016 was used in simulation for solving the economic dispatch 

problem using the three-optimization technique.  Tables (4.15 – 4.17) exhibit the economic 

dispatch results of artificial bee colony, particle swarm optimization and genetic algorithm 

respectively with total cost of generation for each technique. 
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Table 4.15: Economic Dispatch Solution Using ABC Technique 

Time (h) FC (W) DG (W) RE Gen. (W) House Load (W) BESS Supply (W) 

1 
1545.403 298.2779 0 1843.681 0 

2 
1467.416 283.1387 0 1750.555 0 

3 
1431.891 277.172 0 1709.063 0 

4 
1485.572 286.6482 0 1772.22 0 

5 
1403.547 270.7464 0 1674.293 0 

6 
1229.208 236.9774 0 1466.185 0 

7 
1211.029 233.2711 43.63771 1487.862 0 

8 
636.6834 122.2966 838.1992 1597.172 0 

9 
167.7575 31.5025 1662.303 1861.561 0 

10 
0 0 2572.191 2115.248 0 

11 
0 0 3688.539 2286.499 0 

12 
0 0 4171.665 2553.053 0 

13 
0 0 4071.112 2959.199 0 

14 
0 0 3540.936 3095.96 0 

15 
0 0 2660.951 3139.717 478.766 

16 
826.4287 159.0213 1650.371 3035.966 402.9997 

17 
908.5584 174.9316 720.9348 3002.192 1197.774 

18 
1152.026 222.0738 14.19419 2668.332 1280.088 

19 
2187.312 422.4882 0 2609.77 0 

20 
1911.005 368.995 0 2279.933 0 

21 
1388.388 267.8123 0 1656.186 0 

22 
1685.124 325.2758 0 2010.446 0 

23 
1667.578 321.8222 0 1989.327 0 

24 
1639.153 316.3475 0 1955.419 0 

Total Cost of Conventional Backup Generation 704.5295792 
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Table 4.16: Economic Dispatch Solution Using PSO Technique 

Time (h) FC  (W) DG (W) RE Gen. (W) House Load (W) BESS Supply (W)  

1 
1545.38815 298.211847 0 1843.681 0 

2 
1467.38882 283.111176 0 1750.555 0 

3 
1432.70384 276.396163 0 1709.063 0 

4 
1485.58588 286.634125 0 1772.22 0 

5 
1403.46456 270.735439 0 1674.293 0 

6 
1229.20183 236.998174 0 1466.185 0 

7 
1210.77019 233.429809 43.63771 1487.862 0 

8 
636.683395 122.286605 838.1992 1597.172 0 

9 
167.757456 31.5025436 1662.303 1861.561 0 

10 
0 0 2572.191 2115.248 0 

11 
0 0 3688.539 2286.499 0 

12 
0 0 4171.665 2553.053 0 

13 
0 0 4071.112 2959.199 0 

14 
0 0 3540.936 3095.96 0 

15 
0 0 2660.951 3139.717 478.766 

16 
826.428703 159.021297 1650.371 3035.966 402.9997 

17 
908.558395 174.921605 720.9348 3002.192 1197.774 

18 
1152.0403 222.059702 14.19419 2668.332 1280.088 

19 
2187.3 422.5 0 2609.77 0 

20 
1910.921 368.979005 0 2279.933 0 

21 
1388.30035 267.799648 0 1656.186 0 

22 
1685.13346 325.266538 0 2010.446 0 

23 
1667.37207 321.827932 0 1989.327 0 

24 
1638.97897 316.331029 0 1955.419 0 

Total Cost of Conventional Backup Generation 704.5253399 
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Table 4.17: Economic Dispatch Solution Using GA Technique 

Time (h) FC  (W) DG (W) RE Gen. (W) House Load (W) BESS Supply (W)  

1 
1566.2 

277.5 
0 1843.681 0 

2 
1555.6 195 0 1750.555 0 

3 
1563.1 146 0 1709.063 0 

4 
1487.76 285.3 0 1772.22 0 

5 
1402.3 272 0 1674.293 0 

6 
1201.6 264.6 0 1466.185 0 

7 
1214 230.3 43.63771 1487.862 0 

8 
673 85.9935 838.1992 1597.172 0 

9 
108.3 91.0033 1662.303 1861.561 0 

10 
0 0 2572.191 2115.248 0 

11 
0 0 3688.539 2286.499 0 

12 
0 0 4171.665 2553.053 0 

13 
0 0 4071.112 2959.199 0 

14 
0 0 3540.936 3095.96 0 

15 
0 0 2660.951 3139.717 478.766 

16 
804.1974 181.2525 1650.371 3035.966 402.9997 

17 
943.3537 140.1363 720.9348 3002.192 1197.774 

18 
1182.3 191.8 14.19419 2668.332 1280.088 

19 
2171.8 438 0 2609.77 0 

20 
2011.7 268.3 0 2279.933 0 

21 
1409.3 246.9 0 1656.186 0 

22 
1363.7 646.8 0 2010.446 0 

23 
1684.4 305 0 1989.327 0 

24 
1626 329.6 0 1955.419 0 

Total Cost of Conventional Backup Generation 704.8097585 
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Figure 4.41: Convergence of Best Value of the Cost Function Using PSO 

When comparing the total cost for 24 hours using different optimization techniques, it is 

obvious that ABC and PSO techniques reduces the cost more than GA. However, PSO 

optimization technique is the best among the tree techniques with little difference when 

compared with ABC. Hence, PSO is used in the economic dispatch scheduling within 

FLEMS of the microgrid. Figure 4.41 illustrates the best cost value during optimization 

process using PSO. 
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Figure 4.42: Operation of Fuel Cell and Diesel Generator in the Microgrid on 28th of July Controlled by Optimized 

FLEMS Considering Economic Dispatch Using PSO 

4.4.2 Simulation Results of the Microgrid with Optimized FLEMS 

Considering Economic Dispatch in 28th of July 

 
To test the effectiveness of the proposed method for using economic dispatch scheduling 

within the optimized FLEMS of the microgrid, solar irradiation, ambient temperature and 

house load profile of 28th of July 2016 as illustrated in Figures 4.32 and 4.33 are applied to 

the microgrid model in this stage. The operation of the fuel cell and the diesel generator 

during this day controlled by the proposed method is shown in Figure 4.42. 
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Figure 4.43: Operation of the Microgrid Backup System in Three Different Scenarios  

To investigate the effectiveness of the proposed method using economic dispatch within 

the microgrid FLEMS, three different scenarios are simulated: 

• Microgrid that has PV and WT as RES operating with FC and BESS as a backup 

system controlled by FLEMS without optimization. 

• Microgrid that has PV and WT as RES operating with FC and BESS as a backup 

system controlled by optimized FLEMS using ABC. 

• Microgrid that has only PV as RES operating with FC, DG and BESS as a backup 

system controlled by optimized FLEMS and considering Economic Dispatch. 

Figure 4.43 illustrates a comprehensive view of the microgrid operation for 24 hours 

with three different scenarios.   
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Efficiency and Cost: 

 

Table 4.18 exhibits the efficiency of the system in the three scenarios. The results show 

that the proposed method has the most efficient operation during 24 hours of the day.  

 

Table 4.18: System Efficiency in Three Different Methods 

Method Efficiency 

MG controlled by FLC without optimization 86.97 % 

MG controlled by FLC with ABC optimization 94.5 % 

MG controlled by FLC with ABC optimization 

depending on ED 
97.67 % 

 

Cost calculation is done to compare the proposed method in this work with conventional 

economic dispatch scheduling. The exhibited results in Table 4.19 show that the proposed 

method reduces the cost by 11.19%  

 

Table 4.19: Cost Comparison between Optimized FLC using ED and Conventional ED operation 

Method Cost / day 

operation using ED only 704.53 

operation by opt. FLC considering ED 625.65 
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5 CHAPTER 5 

CONCLUSION and RECOMMENDATION 

5.1 Conclusions 

 

In conclusion, optimizing FLC using intelligent techniques such as ABC can enhance 

the efficiency of FLEMS of a microgrid and give high level of reliable and precise control. 

However, optimizing FLEMS considering economic dispatch can give a higher level of 

efficiency and minimize the cost of generation as well. In this work, a standalone DC 

microgrid consists of photovoltaic solar system, wind turbine system, battery energy 

storage system, fuel cell and diesel generator supplying residential load demand controlled 

by FLEMS of low complexity that consists of only 25 base rules. The FLEMS is optimized 

using one of the recent and effective optimization techniques which is artificial bee colony 

and it gives better results in terms of control efficiency. Further optimization for the 

FLEMS of the microgrid depending on economic dispatch is proposed in this work and the 

results show enhancement in control efficiency and reduction in generation cost when 

compared with conventional economic dispatch methods. All simulations done in this work 

based on real data of solar irradiation, ambient temperature, wind speed collected in 2016 

in Dhahran city that lies in the eastern region in Saudi Arabia. The residential load profile 

data is also recorded in 2016 inside KFUPM campus, house NO. 3307 based HVAC VFD 

system. particularly, two analysis and investigation studies are conducted in this work. The 

first one for studying the effect of ambient temperature on the solar photovoltaic system 
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and best-operating temperature is obtained for five months in Dhahran. The other one for 

investigating the potential of installing small-scale hybrid renewable energy system for 

residential usage in Dhahran. Analysis of the second study that depends on simulation 

results conducted in different seasonal days show that it is possible to install renewables at 

the study location with the help of backup systems such as battery storage system and fuel 

cell. 

 

5.2 Recommendation  

 

Further extension and improvement of this work can be summarized as follows: 

• Optimizing the FLEMS by tuning other parameters of the FLC such as the fuzzy 

rules using the same intelligent technique in this work; artificial bee colony.  

• Using other optimization techniques for solving the economic dispatch problem to 

minimize the generation cost of the proposed microgrid FLEMS. 

• Changing the microgrid mode to grid-connected and include other components of 

the microgrid into the economic dispatch problem such as the battery energy 

storage system and solar photovoltaic system.  
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