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In recent years, consumer demand, energy consumption rates, and control requirements have 

increased. This necessitates the control of electrical systems remotely with communication system by 

advanced technologies which have distributed energy resources. Therefore, transforming the existing 

electrical grid into the smart grid requires remote control for the development of more efficient, more 

convenient and more reliable systems and its structures are being researched. In this thesis, communication 

structures used in control requirements and integration of renewable electrical sources are examined. Then, 

micro grid system model is designed which is used with power line communication infrastructure, distributed 

energy resources, and electric vehicles system and the overall system is simulated by Matlab Simulink. 

Photovoltaics technology is integrated as distributed resources and the simulation results are examined for the 

quality of transmitted energy in different situations of the micro grid. Besides, the applicability of the 

distributed resources considering power quality is observed when placed near to non-linear load buses. At the 

same time, the increased power of distributed resources has improved both the system's voltage and its power 

quality indices.     

Keywords— Electric Vehicles, Micro Grid, Smart Grid, Photovoltaics, Power Quality. 
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DAĞITILMIŞ ENERJİ KAYNAKLARI KONTROLÜ 

Derya Betül ÜNSAL ÇELİMLİ 

SELÇUK ÜNİVERSİTESİ FEN BİLİMLERİ ENSTİTÜSÜ 
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Tez Danışmanı: Doç. Dr. Ahmet Afşin KULAKSIZ 

Tez 2. Danışmanı: Dr. Ahmet ÖNEN 

2018, 192 Sayfa 

Jüri 

Prof.Dr. Ramazan AKKAYA 

Doç. Dr. Ahmet Afşin KULAKSIZ 

Doç. Dr. Muciz ÖZCAN 

Dr. Öğr. Üyesi Nurettin ÇETİNKAYA 

Dr. Öğr. Üyesi Mümtaz MUTLUER 

 

Son yıllarda artan tüketici talepleri, enerji tüketimi oranları ve kontrol gereksinimleri dolayısıyla 

enerji kaynaklarının ileri teknolojilerle elektrik sistemlerine dağıtılması ve etkili bir haberleşme teknolojisi ile 

uzaktan kontrol edilmesi gereksinimleri ortaya çıkmıştır. Bu nedenle, mevcut elektrik şebekesinin akıllı 

şebekeye dönüştürülmesinde, daha verimli, daha kullanışlı ve daha güvenilir sistemlerin geliştirilmesi için 

uzaktan kontrol sağlayabilen yapılar araştırılmaktadır. Bu bağlamda, bu tez çalışmasında, kontrol 

gereksinimlerini karşılayabilen haberleşme teknolojileri ve yenilenebilir elektrik kaynaklarının bu sistemlere 

entegrasyonu incelenmiştir. Güç hatları iletişimi altyapısı ile dağıtılmış enerji kaynakları ve elektrikli araç 

sistemleri entegreli mikro şebeke sistemi modellenmiş ve tasarlanan yeni sistem Matlab Simulink ile simüle 

edilmiştir. Farklı tasarım yapısına sahip mikro şebekeler için, iletilen enerjinin kalitesi, simülasyon sonuçları 

alınarak incelenmiştir. Ayrıca, dağıtılmış enerji kaynaklarının uygulanabilirliği, doğrusal olmayan yük 

baralarına olan mesafelerine göre, güç kalitesine olan etkileri dikkate alınarak gözlemlenmiştir. Aynı 

zamanda, dağıtılmış enerji kaynaklarının gücünün artırılması, sistemin gerilim ve güç kalitesi indekslerini 

iyileştirmiştir. 

 

Anahtar Kelimeler— Akıllı Şebeke, Elektrikli Araçlar, Güneş Pilleri, Güç Kalitesi, Mikro Şebeke. 
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1. INTRODUCTION  

 

In recent years, transmission and distribution of electricity with the traditional power 

grid is becoming insufficient in responding to consumer needs. This is why the need for 

electricity has emerged a new grid structure enabling a more efficient transmission. 

 

In countries where PV plant installations have not yet reached high levels, such as our 

country, it is important to make detailed analyzes in advance to determine the capacity of 

power plant installations and whether roof installations should be more preferred. In 

addition to taking into consideration such factors as the cost of the installation of the 

production plants in the distributed structure, the effects of the power quality in the network 

are also important, especially before the problems occur on the grid. The study is of great 

importance in this respect. 

 

 The Smart Grid (SG) is an idea of achieving a more effective system with improved 

demand-side management on effective communication technology and efficiency. This idea 

targets transmitting electricity with high efficiency and has a very large field of interest 

such as communications, control systems, and semiconductor technology. 

 

The major aim of the advanced SG concept can be categorized in three subjects: 

increasing the utilization of Distributed Energy Resources (DER) and Demand Response 

(DR), better asset utilization, and enhanced customer choice (F. Rahimi, 2010). 

 

For this purpose, it is observed in the literature that all these parameters of the system 

considers dynamically shaping the quality of energy, compatible with control and 

communication technologies, and at the same time allow to use DERs. 

 

In parallel with population growth and technological developments, the need for 

energy and dependence is increasing day by day. Increased energy demand and 

consumption has brought sustainable, more resilient, more efficient and environmentally 
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friendly resources to use instead of limited resources. Sustainable development strategies 

aimed at protecting ecological balances have made it necessary for energy production, 

transmission and consumption processes to be more efficient, reliable and environmentally 

friendly.  

 

In the last century, fossil fuel-based energy production has led to high carbon 

emissions, raising global risks such as greenhouse effect and global warming, as well as 

lowering air quality. However, it is anticipated that fossil resources will be exhausted in the 

near future and the need for alternative energy sources is increasing. In this context, the 

dissemination of renewable energy sources has been taken into consideration. Energy 

production based on renewable energy sources is considered a promising solution to the 

global energy problem, both because of its low environmental impact and because it is 

easily accessible.  

 

Energy production based on DER is supported by SG applications. In this context, 

priority is given to smart grid operations in order to find solutions that will provide 

distributed integration and effective management of DERs (solar, wind, biomass, etc.) in 

micro and macro scale grid which can show production discontinuity and uncertainty. At 

this point, there is a need for grid architecture in which the consumer subscriber model is 

widespread and the local production and consumption strategy is dominated by the grid. 

These architectures have brought about problems of power systems such as distributed 

generation, distribution storage, as well as system management problems such as 

distributed control, distributed metering, optimal network management and energy 

balancing. The solution of these problems requires integration with the grid's 

communication and control systems to achieve a structure containing multi-layered 

technologies. 

 

In this multi-layer structure, to reach the effective transmission and distribution 

systems, correct communication technology must be applied to all the parameters on power 

system. If the competition evolves between communications infrastructure owners and 
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requesting access to these structures with employees to serve in the same class of operators, 

a continuously increasing argument can be specified.  As a result of this competition, it will 

be provided that consumers can access to energy in better quality and lower cost. Presently, 

the major point is communication system architecture design as an investigation for 

systems which can be used in interconnected SG applications in the future (Depuru, 2011). 

SG needs more sophisticated power flow ability as dual way communication at the same 

time. Therefore it needs too much real time communication networks for data collection 

and processing (Wang, 2011). 

 

While consumption and demand-oriented working groups focused on the optimum 

balancing of energy production or consumption demand response, the pricing working 

groups focus to concentrate on sustainability and safety on the cost-oriented pricing of the 

energy. The workgroups emphasizing on environmental sensitivity and reducing the carbon 

footprint of the SG are intended to increase production based on renewable energy sources. 

Examining methods of communication or control systems and information technology, the 

existence of many to enumerate a lot more workspace uses of SG in energy transmission 

proves wide work area. 

 

Enabling technologies, such as enhancements in the communication and information 

technologies, make it possible to turn these new resources into useful controllable products 

for wholesale market and transmission system operators (F. Rahimi, 2010). 

 

Renewable energy sources usage in the SG with the effective communication and 

control system is the subject of this study, and it aims to combine different working 

disciplines as communication-oriented both in terms of control and sensitivity to the 

environment. 

 

Advances in SG began to take shape with the ideas emerging from the ongoing 

projects in Europe and America. One of these projects is the Pecan Street Project which 
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provides real-time data we used in our work. We gratefuly acknowledge of the Pecan Street 

Project, which is capable of providing real-time consumption data of the actual houses.  

 

At the end of this development process that began with SG work, is expected to 

produce energy consumers to be shared over the grid status whenever they want. This 

allows to beginning the consumers able to check their bills, the occurrence of the advances 

that will change the classical view of energy consumption, such as network elements 

providing remote control is too close. 

 

Nowadays, expectations of SG are not limited to energy sharing problem. Smart 

projections of near future envisage the sharing of data over the communication technology 

layer, not just the energy. This expectation promises a more complex and integrated, more 

interactive future where energy and knowledge are shared over the same infrastructure. 

Today's methods of sharing data will inspire the future energy sharing strategies. 

Traditionally, the strategy of static and one-way energy transmission from central 

producers to consumers will evolve into an architecture where smart grid applications and 

energy packages can be generated, stored and shared at any point in the grid. Transmission 

of energy packets in future SG such as transmission of data packets in digital data 

communication, will be possible. It seems likely that all of the smart houses, smart cars and 

smart devices will become a molecular component of the SG.  

 

According to this development of energy, a micro grid design which uses distributed 

energy resources and can provide transmission and distribution by wired communication 

method as Power Line Communication (PLC), consisting of Photovoltaics (PV) and 

Electric Vehicles (EV) on grid architecture has been studied and its advantages have been 

discussed in this thesis. 

 

Uninterrupted structure such as communication, transportation etc. is all dependent 

on electricity, that’s why reliable electricity supply is imperative. When a break failure 

occurs on supply, it can be catastrophic as witnessed in the California energy crisis and the 
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ensuing black-outs that started in May 2000. Stabilizing the supply and prices took a year, 

costing the State of California almost $33 billion more than the previous year (P. Fox, 

2010).  

 

In this thesis, SG communications architecture methods which will be used in future 

have been investigated and the solutions to the problems for efficient energy transportation 

are discussed. The purpose of transmitting efficient energy is trying to improve the quality 

of energy by reducing losses and distortions. In order to solve the uncertainty of trying to 

control all of the smart energy network in this context, it is targeted to be divided into 

Micro Grid (MG). The accuracy of the designed MG system that has been worked with 

real-time data is also tested for compliance with IEEE distribution and communication 

standards. PV integration as DER on SG structure with communication technologies and 

EV applications are researched in this study. Micro grid  which is designed for controlling 

DER and EV applications, are evaluated to understand power quality behavior of it. The 

major features of MG, including solving the energy quality problems, increasing the 

voltage quality, decreasing total harmonic distortion (THD) and even providing reactive 

power compensation by EV are investigated in Matlab Simulink software.  
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2. LITERATURE REVIEW 

In the literature studies, an SG model which can adapt to energy management 

algorithms while working with DER, which uses an effective and efficient communication 

system in line with the needs of the network and reduces the harmonic effects of the loads 

on the grid has been determined. The MG model is proposed in this thesis study, when 

applied with the appropriate communication protocols in the system. It will also solve 

energy quality problems such as harmonics, active and reactive power control at the grid 

connection point, against potential problems that may arise during the connection of EV's 

and renewable energy sources to the SG. In this way, EV will also enable the more efficient 

use of electronic circuit equipment by eliminating the overloading due to energy quality 

problems on the grid into which it is connected. The extra burden of EV charging will be 

minimized to avoid costly new investments and at the same time electric grid operators will 

provide renewable energy sources with higher quality and safer electricity to their users. 

Vehicle technologies are developing due to ever-increasing environmental concerns 

and the rapid depletion of fossil fuels. In studies aimed at reducing vehicle emissions, it is 

usually focused on EV's. Among the EVs, the Battery Electric Vehicles (BEVs) known as 

"zero emissions" are now on the forefront (Skerlos, 2010; Thomas, 2009). It is understood 

from this the vehicles will meet their energy needs either immediately from the network or 

from an alternative energy source. A common situation is that the vehicles can not meet the 

energy needs of the network (Bradley, 2009; Silva, 2009). 

 If the majority of power plants that supply electricity to the grid are made up of fossil 

fuels, one of the problems that might come to mind is whether the EVs are really 

environmentally friendly. However, studies have shown that emissions of vehicles will 

decrease to meet their energy needs from the electricity grid instead of fossil fuels (Galus, 

2010; Göransson, 2010; Lund, 2008; Smith, 2010)  Furthermore, the widespread use of 

alternate and renewable energy systems among power plants providing electricity to the 

grid will further reduce emissions. One of the situations where tools need to be examined in 

connection with the grid is the question of whether the grid can compensate for the 
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disruptive effects of EV charging. To do this, it is necessary to predict how much charge 

energy will be needed for that region in the future. Vehicle numbers and powers must also 

be predicted so that the power demand of the vehicles can be determined. This issue has 

been examined in detail in various studies for various regions. Many relevant projects are 

supported in Europe and the outputs of the studies are being newly introduced in the 

literature (Galus, 2010; Göransson, 2010; Silva, 2009; Smith, 2010). 

Research conducted under the auspices of the US Department of Energy is conducted 

at several national laboratories (Oak Ridge National Laboratory, National Renewable 

Energy Laboratory, Pecan Street Laboratory, and Pacific Northwest National Laboratory) (  

Dataport, 2017; Oak, 2008; NREL, 2007; PRNL, 2007; Sioshansi, 2010) In this thesis, 

Texas, Austin region in USA was studied, real electric vehicles used and real photovoltaics 

were modeled in Matlab Simulink by using real-time data in the Pecan Street project 

database, transmission and distribution of energy together with IEEE communication 

standards were carried out (Dataport, 2017; IEEE,1993; 2016; 2017). 

The study is aimed that the smart energy grid architecture with multilayered 

technology basically offers the following possibilities: 

a) Energy quality and efficiency: 

Energy quality and efficiency should be considered as production, consumption and 

transmission efficiency and should cover all energy processes. The local consumption 

strategy of local production reduces transmission losses and increases productivity (Alagoz, 

2012). With demand-side load management, distributed generation and storage practices, 

energy demand can be shifted over hours as renewable energy sources become more 

efficient (Molderink, 2009; Gottwalt, 2011). This will reduce the dependency of the energy 

supplied by the network (Kaygusuz, 2013). This will not only reduce transmission losses, 

but also make it possible to make the demand more economical and environmentally 

friendly with cheaper and fuel-free renewable energy. In an environment of production and 

consumption uncertainty, a reliable grid must be able to remain stable and respond to 

energy demand at all times  (Hashmi, 2011; Alagoz, 2012; Martini, 2012). As a natural 
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consequence of grid-wide distributed generation and storage practices, breakdowns and 

interruptions are more localized and the grid is less affected by these problems (Reddy, 

2014; Khrennikov, 2012). Breakdown and faults have the potential to cause serious 

economic and social problems in the short term. With demand-side load management 

providing distributed production, distributed storage and demand flexibility, the negative 

impacts of these problems on the economy and society will be alleviated. Distributed 

production and distributed storage applications can improve the self-healing capacity and 

energy security of the grid. Demand-side load management can help to reduce demand in 

the event of an energy supply failure, which will enable energy to be directed to loads with 

more critical presence and make it easier to mislead extraordinary situation strategies. 

Decentralized production and storage strategies will reduce the risk of limiting energy 

access in adverse situations such as natural disasters and attacks, according to central 

production (Reddy, 2014).  

b) Demand and production flexibility: 

Demand and production flexibility are the most important factors that can be 

managed by the network. Tunable and production-tunable is the most basic feature that 

allows optimal energy balancing applications to be passed on. In flexible grids with this 

feature, production and demand control can be made to avoid negative conditions such as 

overproduction, energy shortage, high peak demand. Thus, more efficient use of resources 

can be achieved. In SG, demand-side load management applications are implemented with 

the help of methods such as dynamic energy pricing, load shifting and load-down  (Spees 

and Lave, 2008). As a result of these applications, the demand flexibility enables the energy 

demand to be adjusted according to the conditions and needs. As a result, demand and 

production flexibility enables effective and efficient energy management. At the same time, 

this feature facilitates the integration and diffusion of renewable energy sources with 

production uncertainty into the grid (Pina, 2011). 

c) Observability and controllability:  
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Communication and control (automation) technologies provide smart grid conditions 

to be accessible and controllable throughout the grid (Hashmi, 2011). This is possible 

thanks to distributed sensor and control applications. Wide area management with LAN 

management, optimal network conditions can be sustained (Friederich and Peter, 2007). 

For example, the status of the local power system can be accessed and remotely managed at 

the household level with smart meters. Network and subscriber operations on the 

distribution system (such as opening, closing, troubleshooting, servicing the backup 

system) can be performed remotely. Fault conditions can be observed from network control 

and management centers, backup systems can be activated and removed automatically. 

Before the faults and after the faults occur, measurement and analysis of the grid conditions 

can be used to estimate the failure and to develop early warning and attention systems. 

Thus, necessary precautions can be taken to prevent malfunctions and errors before they 

occur. Not only grid management and monitoring automation, but also subscription 

operations can be managed remotely or automatically. Also instant status, consumption or 

local malfunctions of subscriptions can be monitored remotely. In addition to subscription 

processes, closing, and tariffing, the status of the subscriber's local distribution systems and 

devices can be analyzed remotely. Non-standard situations and malfunctions observed in 

local distribution can be reported and provided to the subscriber's to take necessary 

precautions. 

e) Smart grid management with artificial intelligence algorithms:  

Artificial intelligence algorithms are seen as one of the important components of  

smart grid studies (Hashmi, 2011). In SGs where all processes from production to 

consumption are observable and manageable, artificial intelligence and optimization 

algorithms can provide autonomously access grid conditions at each point of the grid and 

keep them at optimal values; thus significantly improving energy quality, efficiency and 

reliability (Ramchurn, 2011). These algorithms can ensure that the system remains in 

optimal grid conditions (reliability); by analyzing the grid and taking necessary precautions 

automatically before failure conditions ocur (predictability). For this purpose, SG control 

has been provided by simulated annealing algorithm in this thesis. 
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3. REVIEW OF SMART GRID TECHNOLOGIES 

 

Conventional electrical grid (EG) system as generation, transmission, and distribution 

has many problems supplied by consumer demand and high speed data transmission. 

“Smart Grid” concept, is nowadays a frequently encountered object and was created to 

solve these problems. The definition of the smart grid is automatically controlled by a 

computer system that allows the modernization of the electricity distribution system. 

Therefore, the Smart Grid is adapted and restorated to new electrical technologies, 

rather than to reconstruct all power grid systems. But it should be noticed that smart grid 

does not mean to create a new grid instead of existing grid. This cannot be done, because 

only underground electricity cables in just New York City, which could be wrapped around 

the earth 3.5 times, are 94.000 miles long (Rudin, 2011). So, Smart Grid (SG) which is 

capable of self-control in power distribution and transmission system is a system that 

enables the optimization of all assets connected. 

 

3.1. Traditional Electrical Grid System 

 

For many years, power plants are established away from population density regions 

where coal is produced. The same thing is also true for today’s power plants.  But, by 

transmitting the power generated far from the consumer, loss of energy is inevitable. 

 

When today’s EG system is explained basically in Figure 3.1, electricity is generated 

in huge power plants and transmitted by interconnected lines with high voltage. But there is 

no well-attractive controlling. Due to the nonexistence of an effectual transmission, if a 

power cut occurs on lines, it can affect other grids unfavorably. 
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Figure 3.1 Overview of the traditional electrical grid system 

  

On the other hand, there is another problem as losses on todays EG. Unfortunately, 

the rate of losses on today’s distribution and transmission systems is still so high. Also, 

illegal usage of electricity is uncontrolled and usage of it can be very serious and very 

dangerous. That causes overload on generation units and partial power cuts and system 

breakdowns. It is estimated that electrical companies, all around the world, loose 25 billion 

dollars every year because of illegal use of electricity. 

 

The problems like transmission losses and illegal usage affecting the quality of 

electricity on existing grid can be resolved by using control and communication 

methodologies, which are explained in detail in the following section. 

 

3.2. Smart Grid System 

 

Existing grids are inadequate for consumer demand due to the increasing energy 

needs. Also increasing population and technological developments increase the demand for 

energy with each passing day. Controlling the increasing load will be easier with new and 

improved economic developments. So, smart use of our existing resources and grids can 

increase productivity.   
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The term of Smart Grid (SG) is defined as follows. 

 

A prospective current and practical definition of the smart grid is expressed by, Z. 

Fan et al as follows: "Smart Grid integrates the functions and connects it to all the users and 

uses to make advanced information, control and communication technology, efficient 

supply of energy, cheap, reliable and transparent (accessible) intelligent electricity 

network" (Fan, 2013). 

“The concept of “smart grid” is modernization of existing electrical power systems 

from distribution to consumption by high voltage transmission lines, all components are 

connecting like distributed energy resources (DERs), electric vehicles and other home 

appliances to make optimization automatically.” (DOE/EPRI, 2013). 

“A smart grid should encompass features so as to be: Adaptive, Accessible, 

Interactive, Predictive, Integrative and Optimized” (Bayliss, 2012). 

 

SG can coordinate all the situations of users (generators, consumers, and users who 

can apply both of this process etc. to supply reliable electrical energy (ETIPSNET, 2018). 

 

The alertness, responsiveness, additivity, cost effectiveness, environment friendliness 

being real-time, flexibility, being more powerful of all components from the structure of 

“smart grid” (Massoud, 2005). 

 

Increased energy demand will create new patterns of consumption, such as electric 

vehicles (EV). Failure of the network infrastructure causes to remain deprived us of this 

type of innovation. Petroleum products are also increasingly used in conjunction with 

energy supply and, therefore, our world is warming and increasingly polluted. SGs that 

reduce the carbon emissions of petroleum products posed by the spread of renewable and 

clean energy sources that can contribute to the economy, consumers will be able to use their 

small-scale energy sources. For example, in a study conducted in the United States, 

regional carbon emissions having an SG structure was calculated to draw down rate of 
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25%. In terms of CO2 emissions of 160 million hectares of forest will work for cleaner air. 

This means that it is equivalent to the withdrawal of the road about 130 million vehicles. 

Consumers will become more actively involved in the energy production and consumption 

point, so that the world's response to his efforts may be taken as to be a more livable place; 

efficiency, reliability, low costs (Faruqui, 2010, Park, 2011). 

 

At least, SG can be examined as  “The intelligent, effective and reliable power system 

has too much transmission and distribution grids that communicate with each other, also 

able to work with interconnected monitoring and control systems, which can be adapted to 

the new systems.” 

 

3.2.1 Efficiency  

 

When losses and illegal uses are made inquiries, interventions can be done 

immediately to possible faults. So, it can be possible to achieve the top level in energy 

efficiency with the use of the smart grid in transmission and distribution systems. An 

immediate intervention is very crucial since possible faults on lines cause long term cut-

offs. For example, an electricity cut-off occurred in 2003 in the U.S.A. caused cut-off in 

Canada and 55.000.000 people lacked off electricity for a very long time. If the cut-off is 

interfered earlier, damages and losses would be less (NERC, 2004). 

 

Results of efficiency analysis that using the smart grid can be obtained as follows; 

 

-Decrease in technical and commercial energy losses; 

 

-More energy distribution with existing infrastructure; 

 

-Balanced system operation; 

 

-Decrease in intervention time to faults; 
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-Quality and uninterrupted service purchase far from the effects of data which cannot 

be taken from inaccessible electric meters;  

 

-Remote identification of vandal attempts to electric meters. 

 

3.2.2 Security and Reliability  

 

Security and reliability can be explained as the technologies which allow the 

modification of system control information between generation, transmission, distribution, 

and consumers by using real-time communications on the DG structure (A.Shawkat, 2013). 

 

When the SG is developed, in addition to traditional EG system environment, 

millions of smart assets with communication ability will be integrated into the system. This 

situation causes new problems on traditional EG security in a large geographical area 

(A.Srivastava, 2013). Therefore, the SG communication technologies will be an important 

subject of security (J. Liu, 2012). However, trouble with SG comes inside our homes. If the 

security is broken with a fault or any other reason, it causes huge damages on DG. 

Especially saving private confidentiality of our homes is the most important subject, for 

example resulting to the consumption values, billing data’s, etc. That's why some 

governments must need to take some precautions (S.Sridhar, 2012). Studies on ensuring 

security in the implementation of applying SG have a really great space. 

 

3.2.3 Flexibility  

 

The SG can be re-engaged more quickly and effectively against natural disasters and 

other connection problems. Additional modes of transmission and DG operation are 

intended to improve the opportunities for management to make more economic decisions 

(B. Hardy-Newnes, 2012; T.Flick, 2011). The definition of the flexibility can be called as 

“directing the energy through the use of balanced resources, to provide better quality 
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electricity to consumers”. In summary, The SG is safer and more flexible than the 

traditional one.  

 

3.2.4 Review of Smart Grid Standards 

 

Standardization is able to lead to developments in product and systems, guaranteeing 

that systems work in harmony. Commercial operation of the SG framework is shaped by 

promulgated by international standards which were established by the United Nations 

standardization organization under the umbrella of the Department of Commerce NIST 

(National Institute of Standards and Technology) (NIST, 2009). When creating the NIST 

standards, the IEEE (Institute of Electrical and Electronics Engineers) and IEC 

(International Electrical Commission) is assessing the opinions and recommendations. 

 

 

Figure 3.2 IEEE Standards (IEEE, 2013) 
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IEEE determines standards for devices and systems to contribute developments in the 

electrical sector. These standards procedures and parameters would be needed for an SG 

and all the units (generators, distribution systems, and consumers) in definitions. Figure 3.2 

shows IEEE standards and applications. IEEE communication standards such as IEEE std 

1901 and IEEE std 802 are particularly used for SG applications (IEEE, 2010; 2013; 

2017b). IEEE 1547, 519 and 802 standards are used in this thesis (IEEE, 1993; 2016; 

2017a; 2017b).  

 

SG technologies and their applications have been standardized largely by NIST and 

IEEE. However, other platforms are also available that work in this field (ANSI, 

CENELEC and etc.).  

 

In this thesis, some of the standards and features which can be used with SG control 

and communication applications discussed below are frequently used; (IEEE, 2009; 2010; 

2013a). 

 

IEEE 1547 

Standard for interconnection and interoperability of distributed energy resources with 

associated electric power systems interfaces. This standard includes voltage, current and 

frequency characteristics, possible problems of DER integration, and harmonic limits, also 

system requirements.  

 

IEEE 519 

Standard for Harmonic Control in Electric Power Systems, it is recommended 

requirements for harmonic control in power engineering and gives limits for individual 

customers about harmonic injection and unacceptable voltage distortion (IEEE, 1993). 

 

IEC 61850   

IEC 61850 provided advantages in different parts of power engineering. The standard 

is a set of open protocols based on communications generally used in electrical utilities. 
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Control systems are able to use this standard to communicate between SG components. 

Real-time data are able to be programmed like outstation devices with advanced 

functionality such as power quality monitoring, phasor measurement, and other SG 

analysis. IEC 61850-7 standards are used in this thesis (IEC, 2009). A feature that improves 

the standard of this standard is '' GOOSE Mapping ''. In a system designed with the IEC 

61850 standard, Generic Object-Oriented Substation Event (GOOSE) messages can be 

used. GOOSE messages can be sent directly to devices whose names and addresses are 

known and provided to transmit the data such as trip, alarm, position status, locking, etc. 

(Mackiewicz, 2011). 

 

IEC 61850-1 

Communication networks and systems in substations - Part 1: Introduction and 

overview. 

IEC 61850-2 

Communication networks and systems in substations - Part 2: Glossary. 

IEC 61850-3 

Communication networks and systems in substations - Part 3: General requirements. 

IEC 61850-4 

Communication networks and systems in substations - Part 4: System and project 

management. 

IEC 61850-5 

Communication networks and systems in substations - Part 5: Communication 

requirements for functions and device models. 

IEC 61850-6 

Communication networks and systems for power utility automation - Part 6: 

Configuration description language for communication in electrical substations related to 

IEDs. 

IEC 61850-7 

Communication networks and systems in substations - Basic communication 

structure for substation and feeder equipment. 
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IEC 61850-7-1: Principles and models. 

IEC 61850-7-2: Abstract communication service interface (ACSI). 

IEC 61850-7-3: Common Data Classes. 

IEC 61850-7-4: Compatible logical node classes and data classes. 

 

IEC 61850-7-420  

For example T. S. Üstün et al. examined MG protection system with communication 

used with IEC 61850-7-420 in their research (Üstün, 2011; Üstün, 2012). 

 

IEC 61850-8 

Communication networks and systems in substations - Specific Communication 

Service Mapping (SCSM). 

IEC 61850-8-1: Mappings to MMS (ISO 9506-1 and ISO 9506-2) and to ISO/IEC 

8802-3. 

 

IEC 61850-9 

Communication networks and systems in substations - Specific Communication 

Service Mapping (SCSM). 

IEC 61850-9-1: Sampled values over serial unidirectional multidrop point to point 

link. 

IEC 61850-9-2: Sampled values over ISO/IEC 8802-3. 

 

IEC 61850-10 

Communication networks and systems in substations - Part 10: Conformance testing. 

 

IEEE P1901 

This standard includes other standards which are defined for PLC by IEEE. 

According to this standard, to reach high data transferring speed, transmission must be done 

at low frequencies. But signal power attenuation should be taken into consideration at low 



19 

 

 

 

frequencies. Data transfer speed can reach 100 Mbps at lower frequencies than 100 MHz 

(IEEE, 2010). 

 

IEEE Std 802.15.4™-2006  

IEEE Standard for information technology-Telecommunication and information 

exchange between systems  

 

IEEE Std 802.15.4e™-2012  

IEEE Standard for local and metropolitan area networks. 

 

IEEE Std 802TM-2001  

IEEE Standard for Local and Metropolitan Area Networks: Overview and 

Architecture. 

IEEE Std 802.1adTM  

IEEE Standard for Local and Metropolitan Area Networks—Virtual Bridged Local 

Area Networks (LAN), Amendment 4: Provider Bridges. 

IEEE Std 802.1DTM-2004  

IEEE Standard for local and metropolitan area networks media access control (MAC) 

bridges. 

IEEE 802.1HTM-1997 Edition (ISO/IEC TR11802-5:1997)  

IEEE Technical Report and Guidelines. 

IEEE Std 802.1QTM-1998  

IEEE Standard for Local and Metropolitan Area Network-Virtual Bridged Local Area 

Networks. 

IEEE 802.11b 

802.11b is a standard which is defined for applications in 2.4 GHz ISM (Industrial 

Scientific Medical) band. RF channels provide high speed data transmission to reach distant 

points. It enables 11Mbits data transmission. It is used in WLANs, offices requiring 

mobility, hospitals and the other fields which need medium speed data transmission (IEEE, 

2008; 2009). 
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IEEE 802.11g  

Basically, the 802.11g standard is an extension of the 802.11b standard. Data 

transmission speed rate is two-fold increase and up to 22 Mbit per second with this 

standard. Thus, a lot of multimedia applications including video applications can be 

supported. Because of this standard not yet in compliance with 802.11b, it seems to be 

insufficient at certain points, there are not many applications and supporting products using 

this standard. After developing this standard, some physical changes will be required on 

PAPs and receivers (IEEE, 2008; 2009). 

IEEE 802.11a  

Data transmission rate will increase up to 54 Mbps with this standard. Wireless 

backbones between access points, corporate users which need high speed data transmission, 

video distributer systems will use this standard commonly. Because of using high 

frequencies (5GHz), losses increase in 802.11a, therefore systems and devices using this 

standard require more power compared to others for reaching the same distance (IEEE, 

2008; 2009). 

 

Wi-Fi (802.11b) is more suitable for; 

 LAN applications which require wider bandwidth (>2MB) 

 Applications which require wider coverage 

 Applications which need security 

 File sharing 

 

ANSI/ CEA-709 

ANSI standards known as LonWorks is operated between 115 – 132 Mhz bandwidth 

and can accommodate up to 32,000 endpoints. Although data rate is only 1.5 Mbps, it is 

suitable for smart energy management applications (EPRI, 2009). 

 

ANSI/ASHRAE 135-2008/ISO 16484-5 BACnet  

A Data Communication Protocol for Building Automation and Control Networks -

BACnet defines an information model and messages for building system communications 
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at a customer’s site. BACnet includes a range of networking technologies to provide 

scalability from very small systems to multi-building operations that span wide geographic 

areas using IP protocols. 

 

ANSI C12.19/MC1219 Revenue metering end device tables for smart grid 

applications. 

 

ANSI/CEA 709 and CEA 852.1 LON Protocol Suite 

 It is a general purpose local area networking protocol in use for various applications 

including electric meters, street lighting, and home automation and building automation.  

 

CENELEC  

 It is the most sophisticated standard developed by Comité Européen de 

Normalization Electrotechnique (CENELEC) mains signaling standard i.e., from 9 kHz to 

148.5 kHz which focuses on band width and transmitted power. It provides 5 different 

channels in the range of 3-148.5 kHz frequency band with a power not exceeding 500MW 

(CENELEC, 2017). 

 

CENELEC EN 50065-1:2011 (Anonymous, 1992) 

Signaling on low-voltage electrical installations in the frequency range between 3 

kHz to 148, 5 kHz-General requirements, frequency bands and electromagnetic 

disturbances.  

 

CISPR 22 (2008 6th ed.)  

Limits and Technologies of Measurement of Radio Interference Characteristics of 

Information Technology Equipment. 

 

ITU-T  

It is created by International Telecommunication Union. It is known as ‘ITU-T-G.hn’ 

project and is responsible for developing a worldwide standard for home network 
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transceiver capable of operating with different wired communication with bit rates up to 

1Gbps. G-hn supports up to 250 nodes operating in the network (EPRI, 2009). 

 

ITU-T G.9903 (2012) Narrowband orthogonal frequency division multiplexing 

power line communication transceivers for G3-PLC networks.  

 

ITU-T G.9904 (2012) Narrowband orthogonal frequency division multiplexing 

power line communication transceivers for PRIME networks.       

 

The energy consumption and the generation phases in the SG structure can be seen in 

Figure 3.3. Stage of the energy process from generation to consumption will be examined 

in three parts including the measurement, control, and communication technologies. 

 

 

 

Figure 3.3 Overview of Smart grid system (NIST, 2009) 
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3.2.5 Measurement Technologies 

 

In this part of the SG, instruments to be inserted to the critical point of the grid are 

ensured, constantly monitoring the factors that affect the state of the system. Measuring 

components are crucial for the modern electrical grid. Advanced measurement and 

detection technologies will translate the acquired data from knowledge and perform the 

electrical power system management. Short term real time metering is provided, 

eliminating estimated bills and prevent energy theft (NIST, 2013). 

 

The smart grid has the progressive metering infrastructure. Owing to this, the amount 

of the generated, transmitted and distributed power via the grid is measured instantaneously 

and transmitted to the center control point. Smart grid infrastructure has two way data 

transfer between producers and consumers. In this way, the energy data is transferred to the 

control center with energy consumption values as in the traditional electrical grid system. 

Also, the energy values produced from renewable sources by the consumer is transferred to 

the main control center. In this way, consumers can switch to be a manufacturer by selling 

the position to produce electricity from renewable energy sources. At the same time, 

consumers can get the energy from their preferred distribution company. 

 

 

3.2.5.1 Automatic Meter Reading (AMR) 

 

Electric meter device is used for measuring the amount of consumed electrical power 

in distribution and transmission system and providing billing by one way communication 

from electric meter to center with automatic meter reading (AMR) system. AMR is aimed 

at getting real time data from electrical companies and offers more accuracy on basic 

consumer bill. Before using AMR, payments of consumers were based on usage period of 

power and suggestions. Electrical power began to be transmitted with a strict control 

through AMR. 
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3.2.5.2 Advanced Metering Infrastructure (AMI) 

 

AMI is interactive meter reading system which can supply two-way communication 

between EG distribution companies and end users. This smart electric meter structure 

provides to make efficiency analyze between low and high demand periods.  

 

Consumption data obtained by AMR can be processed and transmitted again to 

reduce operating costs. Also, AMI has additional properties for two-way communication.  

 

Hardware tracking and control structures can be used on the AMI by other suppliers. 

These can be used for remote authentication of power cuts and illegal usage of electricity 

(Wang, 2011). 

 

All the existing devices consumers have can be monitored by smart electric meters. 

 

3.2.5.3 Programmable Logic Controller 

 

Data and energy exchange in the SG is made bidirectional. That's why the SG 

protection must be bidirectional. Measurement with control starts with the production of the 

conventional system including the entire up to consumers. 

 

Use of smart relays to provide dual way protection and relay-cutting coordination 

must be provided in an appropriate and efficient manner. In general, smart relays are 

designed to be used in the industry.  A system operates according to the functions that are 

written in digital logic programming language, so today's smart measurement and 

protection components provide the counting, arithmetic operations, and storage and overall 

control of the system functions. 
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The system to be controlled by smart relays may be different in terms of size. An 

asynchronous machine with moderate power can be controlled, as well as factories, 

hospitals and large structures can be controlled locally. If the system to be controlled is 

larger, programmable logic controller is used with system support. The advantages of the 

smart relay are very high. First one is their smaller size. The dimensions of the cabinet 

containing the control panel, therefore, are also reduced. Cable costs are reduced. The setup 

is simple and the software in it presented to the user is up-to-date. The flexible software can 

make the system easily provide latest updates with a more efficient operation. 

 

The smart relay is not in command system. Applications are automated. It has analog 

inputs working in harmony with the freely programmable communication formats. 

 

3.2.5.4 Measurement Center 

 

The data obtained from the smart meters and the center is collected. In this center; 

assessment, estimated energy consumption, system efficiency analysis, load profiling, 

outage and failure management can be performed. 

 

3.2.6 Communication Technologies 

 

While studying with control and communication with power applications it is an SG 

system as described previously. If the competition evolves between communications 

infrastructure owners and requesting access to these structures with employees to serve in 

the same class of operators, an increasingly continuing argument can be specified. As a 

result of this competition, it will be provided that consumers can access to better quality 

and lower cost of energy.  

As shown in Figure 3.4, SG needs more sophisticated power flow ability as dual way 

communication at the same time (Liu, 2011).  
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Therefore it needs too much real time communication networks for data collection 

and processing (NIST, 2013). It can be done by networks which have different 

communication capabilities.  

 

Figure 3.4 Smart grid communication and power flow architecture 

If the features of networks are examined which have different communication skills 

such as: 

1. Wide Area Networks (WANs) that interconnect communication facilities in different 

parts of a country or are used as a public utility (IEEE, 2008). 

2. Local Area Networks are used in only single personal area. Although other networks 

can be classified for their covered geographical area, this situation is different for 

LAN because; LAN is a peer-to-peer communication network and also supply its’ 

users point-to-point and point-to-multipoint communication without requiring them to 

communicate with any intermediate switching nodes. LAN communication occurs at 
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moderate to high data rates with short transit delays like a few milliseconds or less 

(IEEE, 2008). 

3. A Metropolitan Area Network (MAN) is optimized for a wider geographical area 

than LAN (IEEE, 2008). MANs can bound up with communications channels of 

alleviating to high data rates like with local networks, a MAN can be owned and 

processed only by an organization and may be owned and operated as public services, 

but it usually will be used by many individuals and organizations (IEEE, 2008). 

4. Building Area Networks (BANs) can be called as part of networks which are used in 

buildings. It can be considered that every floor has another BAN and connected to 

each other with LAN. 

5. A network is called as Home Area Networks (HANs) if it is structured as a LAN but 

only used around the house environments. 

6. Neighborhood Area Networks (NANs) are networks which include lots of 

interconnected HANs that have neighborhood about data exchanging. Whereby NAN 

can supply measurement data to data collector and enables to control of HANs.  

7. Industrial Area Networks (IANs) are being used in industrial applications like 

operated LANs. Addition to usage areas, Industrial Area Networks (IANs), Home 

Area Networks (HANs) and Building Area Networks (BANs) can be either wired or 

wireless networks on customer antecedents (home, building and industry areas) that 

encourage messaging between appliances like AMI, power electronics, energy 

management devices, other smart applications, and consumers (IEEE, 2011). 

Applications and communications in these networks might be driven by Home 

Energy Management Systems (HEMS) or other energy management systems. 

Although many of these terms are not official, they are commonly used with 

applications. 

“The network and the system need to be modernized and brought into the digital age. 

The advantages and opportunities for huge technological and economic gains are 

enormous”. Morgan Stanley Energy Insights. 
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The network topologies are designed to have extensive applicability in many 

occasions. The networks are created to allow various data devices, such as (IEEE, 2008): 

 Computers 

 Mass storage devices that have low costs 

 Wireless terminals 

 Monitoring and control equipment 

 Bridges, routers, and gateways 

 Integrated Services devices 

 Data applications 

The SG has to renew itself, adapt to the new technologies, and must be cheap. Also, it 

must be able to find the best solution to possible problems on transportation. SG 

infrastructure is more complex than the traditional EG infrastructure. It has a lot of plants 

which demand to connect and communicate with central generation. Therefore, it is 

intended to model an SG system which searches for best communication methods that can 

be used with MG in this study. These methods can be categorized as wireless and wired 

communication methods.  

3.2.6.1 Wireless Communication 

Wireless communication is a technology which supplies data transmission without 

use of cables. It allows communication to higher point that cannot be achieved by cables 

but generally with low data rates. Transmitting data must be protected with a very high 

level of security.  

Also, it has not a wide area of transmission, usually it is marked to use in HAN and 

NAN with wireless communication. It can be mentioned that these are the general 

characteristics of it.  
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Various methods of wireless communication are explained in this section; 

 Wi-Fi 

Wireless-Fidelity (Wi-Fi) provides wireless connection of all devices with 

communication technology. Wi-Fi products try to connect to a grid by LAN with Personal 

Access Points (PAPs). PAPs interconnect to internet network with a cable by a router and 

then transmit receiver data signals to media as RF signals. Devices which have not wireless 

properties can be added to the wireless network. In addition, PAPs are also used for 

strengthening received RF signals from a wireless transmitter to go with the increased 

range. All these connections are determined by IEEE 802.11; 802.11a; 802.11b and 

802.11g standards. 

 

 WiMAX 

Worldwide Interoperability for Microwave Access (WiMAX) technology with a part 

of 802.16 standard series is used for Wireless Metropolitan Area Network (WMAN) (IEEE, 

2009). The standard is defined for communication infrastructures operating in 10-66 GHz 

range (ITU, 2016). It also allows using lower than 11GHz bands and 50 km range for fixed. 

With Wimax, 5km range for mobile stations and data rate up to 70Mbps for distances up to 

48km (EPRI, 2008). 

 

 Cellular Communication (Satellite) 

Cellular communication technology, which has similarities with mobile applications 

of WiMAX, uses 2G standards that are defined for 1.9 GHz band and have GSM, IS-36 and 

IS-95 licenses. Previously, these standards contained only voice communication data, but 

later data transfer with cellular networks became possible after 2.5G standards occurred and 

higher data transmission rate with the 3G standards has been reached. The 3G (3rd 
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Generation) and 4G (4th Generation) cellular technology operate on 824 – 894 MHz/ 1900 

MHz spectrum range (ITU, 2016). Cellular communication used in the latest technology 

while LTE (Long Term Evolution) and advanced LTE (advanced-LTE / LTE-A) standards 

(Ma, 2014).   

20 MHz channel bandwidth for the peak data speed of LTE from satellite to earth is 

300Mbps; from earth to satellite is 80Mbps. The peak data rate for LTE-A with 70MHz 

channel bandwidth, from earth to satellite is 1Gbps, ftom the satellite to the earth is 

500Mbps (Obaidat, 2013). Cellular communication method having different behaviors  

from other wireless technologies makes it more applicable to SG. For example, high 

volume capacity that allow to move huge amount of data with the SG applications. And the 

traditional electric grid is being used it already, therefore "initial investment cost" does not 

exist, so  transmitted the data is possible with existing infrastructure. In addition to the 

cellular communication technology has advanced infrastructure of security (Güngor, 2013). 

 Bluetooth 

Bluetooth technology works in the 2.4 GHz ISM frequency band and it allows voice 

and data transmission. The effective distance of bluetooth-enabled devices have capable of 

transferring data at up to 24 mbps is about 10 to 100 meters. Bluetooth is installed on 

integrated radio transceiver devices which have high performance. Each of these units has 

addresses that are derived from the IEEE 802.11 standards and is capable of high data 

transmission with low power consumption (IEEE, 2012). This technology is suitable for the 

use of LAN networks on the Smart Grid. 

 ZigBee 

ZigBee is a wireless communication method which has the name of the zig-zag area 

of the complex structure and based on the IEEE 802.15.4 standard. The aim of this standard 

allows to creating personal wireless networks which have low infrastructure cost, slow 

transfer rate, and low power consumption. Three different ISM bands are used acccording 

to this standard, wireless communications without requiring any certification or licensing 
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restrictions, only compliance with a specific power output is used frequency band 

(Anonymous, 2016) 

Three different frequency bands are required for data transmission (IEEE, 2015): 

• 868-868.8 MHz range is used in Europe and contains only 1 channel. Data transfer 

speed is 20 kb \ s. 

• 902-928 MHz range is used in North America and includes 30 channels. Data 

transfer speed is 40 kb \ s. 

• 2400-2483.5 MHz range is used worldwide and includes 16 channels. Maximum 

data transfer rate is 250 kb \ s. 

Although ZigBee has some advantages as long battery life which is requested on 

network building, it has the disadvantage of not being able to allow data flow in the larger 

sizes as Bluetooth and Wi-Fi. It means in the data stream applications which require very 

small size, Zigbee can be used with these applications. It is suitable for HAN areas 

accepted for the Smart Grid (Usman, 2012). 

As seen in Table 3.1, smart grid application can be done with different data rates and 

different networks by wireless communication. But, the advantages and disadvantages of 

wireless communications should be considered. Because wireless communication 

technology has some disadvantages on the subject of energy distribution and transmission, 

for example, limited coverage, cost, security, capacity and long delay problems could not 

be solved easily. 

 So, in this study, wired communication technologies will be chosen and examined to 

find the most proper way  to achieve higher quality energy transportation. 
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Table 3.1 Smart grid wireless applications (IEEE, 2009) 

Wireless 

Technology 
Data Rate 

Approximation 

Coverage 

Smart Grid 

Applications 

Wi-Fi 1-54 Mbps 100m 
Distribution protection 

and automation 

WiMAX 70 Mbps 48 Km 
Wireless automatic meter 

reading 

Bluetooth 721 Kbps 1-100m 
Local online monitoring 

applications 

ZigBee 20-250 Kbps 10-100m 
Direct load control of 

home appliances 

Cellular 60-240 Kbps 10-50Km 
Monitoring for remote 

distribution 

 

3.2.6.2 Wired Communication 

Wired communication infrastructure could be divided into Fiber optics and PLC’s. 

These methods’ challenges and benefits are investigated carefully.  

As examined previously, Smart Grids can include BANs, IANs and HANs, wireless 

and wired networks which connect power generation systems to end consumers in order to 

support a wide range of control and communication applications that are used with demand 

response and distribution automation (IEEE, 2011). Figure 3.5 shows the smart grid 

network structure including wired and wireless communication structures (Aalamifar, 

2012). 
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Figure 3.5 Smart grid communication network architecture 

 Fiber Optics 

Substations and electricity companies which are connected to the power system can 

reach high-speed level communication on broadband with each other by Fiber optics 

technology. 

Despite the fact that, it has a disadvantage as high "initial setup cost". It is not 

affected by electromagnetic fields and has all the advantages of wired communication like 

security through privileges. So, it is preferred by SG applications. the privacy and security 

are very good about fiber cable. So, it is not possible to steal information from it 

(Tohumoğlu, 1998). 
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 Power Line Communication (PLC) 

Power line communication (PLC) systems have all the advantages of fiber-optic cable 

and provide fast data communication with the security of wireless communication 

technologies. Therefore, in this section, power line communication systems infrastructure 

and smart grid applications are examined in detail. 

PLC provides data transmission over power lines. Communication includes not only 

connection with internet, but it also provides connection of all the devices to grid on the 

power line. The power line is able to control passive and active cases of distribution lines. 

This is essential especially for substations located in countrified areas where there is no 

communication infrastructure. 

PLC technology is usually used for data communication in medium and low voltage 

power lines (Ma, 2014). PLC is used for remote measurement by some electric companies. 

PLC uses the cables, so it is suitable for use in HAN and NAN (Ginot, 2010; Bumiller, 

2010). 

PLC allows high data transmission on short distance. For example, in a building on 

LAN network, data transmission rate of bits per second can rise up to million bits per 

second with power line communication. However, the transmission of data must be made 

suitable with the PLC technology. 

 

3.2.7 Control Technologies 

 

This part contains the applications and methods which provide to control the stability 

of the power system and management (Kanabar, 2010; Jarventaustaa, 2010; Reddy, 2010). 

Smart grid applications intensively need the distributed resources control applications 

(Kanabar, 2010; Martini, 2011; Ramchurn, 2011). Distributed control applications are 

needed to improve energy efficiency and reliability of the power system. On the other hand, 
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the management of the entire system on a global scale, large areas of system monitoring 

and control methods have been proposed (Karlsson, 2004; Liang, 2012). Thanks to the 

advantages of offering integrated solutions for the world's future and control architectures, 

cloud sensors are among the topics being studied (Hongseok,, 2011; Liang, 2012). 

 

 

3.2.7.1 DMS (Distribution Management System) 

 

 

DMS is a system to help the field personnel working on the control center for 

monitoring and control of distribution systems as the decision support systems. These 

systems offer the operational units in obtaining information via the grid algorithms; 

monitoring, control, analysis, and planning functions. Load flow, short circuit, topology 

analysis, fault locating insulation and service correction, load allocation or data consistency 

on the grid which use a lot of functions such as data consistency can be managed with 

DMS.  

 

DMS software is used for mathematically modeling the distribution network. It 

produces interruption, transmission, and load change, in cases such as frequency change 

solutions for the system. 

 

Distribution network can be monitored in real time via the DMS and intervention. It 

contributes to the development of the system. It will ensure the compatibility between 

resources, which makes reporting to improve the efficiency of the system.  Fault-finding 

and quickly isolate feature provides a major contribution to the efficiency of distribution 

automation. 

 

 

 



36 

 

 

 

3.2.7.2 Information Technologies  

 

Artificial intelligence and optimization applications (Gomez, 2003; Hongseok, 2011; 

Martini, 2012; Molderink, 2009; Samadi ,2010; Wang, 2012) agent based applications   

(Martini, 2012; Ramchurn, 2011; Vytelingum, 2010; Yousefi, 2011) analysis and 

estimation algorithms such as information technology applications based on this technology 

are located in this section (Gao, 2012; Kanabar, 2012; Mohsenian, 2010). These 

applications and algorithms need to have sufficient processing power equipment. 

Distributed information technology applications, micro-controller or micro-computer with 

hardware (Han, 2010; Mak, 2012) on which operates the wide area running centrally (cloud 

architecture) applications (Batista, 2013; Hongseok, 2011; Karlsson, 2004) and processing 

power on the servers with high application and databases which needs to work. In this 

study, Simulated Annealing (SA) algorithm is preferred as the control algorithm. 

There are many optimization algorithms which can be used for the same purpose as 

hill climbing, genetic algorithms and more… All of them can find local maxima, but firstly 

provided by Kirkpatrick et.al. at 1983, the power of Simulated Annealing is about to get 

caught the highest point avoiding others which can be closest to the maximum. 

(Kirkpatrick, 1983, Katrinaeg, 2018). 

The Simulated Annealing (SA) algorithm behavior is like the heating process of high 

quality materials. When it is heating above the melting point, holding its temperature, and 

then cooling it very slowly until solidifies into a perfect crystalline structure. This process 

is generally called “annealing” (SA) (Kirkpatrick, 1983, Kendall, 2017). 

Simulated annealing (SA) is found to be a good solution to fix an optimization 

problem. It is a method to want to maximize or minimize something, the problem to be 

dealt with simulated annealing. 

Although simulated annealing is based on the metropolis algorithm, the problems 

encountered in finding the minimum function are solved with SA. The program starts a 

motion for a high T parameter from a starting  �⃗�  vector in space. The point that gives the 
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smallest value of 𝑓 (�⃗�) from the points visited during the movement becomes the starting 

point of the next movement. In the next move, the T value is reduced by a certain amount. 

The program is terminated when a certain value of T is reached. 

The basic algorithm of SA is given below;  

1. Random solution is created 

2. Starting value of T is selected. 

3. In the N dimensional space, starting point of �⃗�𝑚 is selected (m = 0) and its 

cost function 𝑓 (�⃗�𝑚) is calculated. Using some cost function you’ve defined. 

(Matlab cost function is used in this thesis.) 

4. Random neighboring solution is generated  �⃗�𝑚+1 = �⃗�𝑚 + ∇�⃗�𝑚  and new 

solution’s cost 𝑓 (�⃗�𝑚+1) is calculated. 

5. 𝑓 (�⃗�𝑚+1) 𝑎𝑛𝑑 𝑓 (�⃗�𝑚)  is compared. 

6. If 𝑓 (�⃗�𝑚+1) < 𝑓 (�⃗�𝑚) , move to new solution  

7. If 𝑓 (�⃗�𝑚+1) < 𝑓 (�⃗�𝑚) , may be move to new solution (It depends on aim of 

function) 

8. Steps 3-5 are repeated above until an acceptable solution is found or you 

reach some maximum number of iterations. 

9. The program is broken down when T is achieved starting point. 

10. And then random solution is created again… 

11. It can be done that however the solution needs. 

The SA algorithm is simulated with MATLAB. SA codes are given in Appendix- C. 

If researchers ever have a combinatorial optimization problem to solve, simulated 

annealing should cross their minds. Plenty of other strategies exist, but as algorithms expert 

Steven Skiena says, "The SA solution works admirably. It is my heuristic method of 

choice." 
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4. DISTRIBUTED ENERGY RESOURCES AND GRID INTEGRATION 

4.1 Introduction  

This study focused on more efficient energy transmission from generation to the end 

users. Therefore, resources which play a role in the energy production, and its distributed 

generation connection of smart grid are explained in this section. Firstly, energy resources, 

behaviors and benefits were examined in detail and the main subject for the reason of 

adopting solar energy as a renewable source in this thesis is explained. Then the distributed 

connection methods of the renewable sources on SG, as well as challenges and benefits of 

them are described. 

Energy is the most important requirement for the raw materials in our homes and 

industrial consumption.  It plays a key role in the fulfillment of basic needs so has an 

important position in the consumption of these properties.  

However, the energy which is delivered to the consumers, unfortunately, is not 

always good quality and low cost.  The major factor affecting its quality and cost is 

resources, which are used in energy production. To achieve effective transmission and 

distribution with low cost, a true communication method and true energy resources must be 

used on Smart Grid and its all parameters must work in harmony. 

In general, there is no common classification of researches on these sources used for 

heating, cooling or transportation purposes.  

Therefore, a basic classification of energy sources which considers possible structural 

differences between the resources are given in Table 4.1 (EIA, 2018). According to this 

table, distributed energy resources (DER) in the world, can be classified into two major 

subjects as primary and secondary, based on their purposes of usage and energy production 

method.  
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Table 4.1 A summary of the energy resources in the world 

ENERGY RESOURCES 

Primary Energy Resources Secondary Energy Resources 

Renewable Energy Resources 

 Biomass—includes: 

- Wood and wood waste 

- Municipal solid waste 

- Landfill gas and biogas 

- Ethanol 

- Biodiesel 

 Hydropower 

 Geothermal 

 Wind 

Nonrenewable Energy Resources 

 Crude oil 

 Natural gas 

 Coal 

 Uranium (Nuclear energy) 

Electric Energy 

Hydrogen Energy 

 

Primary Energy Sources 

The primary energy is the obtained energy from available natural resources. The 

resources which created this energy can be used as when they are converting the secondary 

energy process or without any conversion occasionally (Goel, 2005).  Primary energy 

sources can be divided into renewable and nonrenewable resources. There are two kinds of 

non-renewable energy sources as the basis. It consists of nuclear energy and fossil 

resources such as coal, natural gas, and oil. These resources are called nonrenewable 

resources since they are limited in supply and will one day be exhausted. Another primary 

resource is renewable energy. They are called renewable energy sources because they have 

the ability to self-renew within a short period of time, not exhausting like non-renewable 

resources (EIA, 2018).  
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These resources consist of conventional (classical hydro and biomass, plant, and 

animal wastes) and new (solar, wind, wave, tidal, geothermal) energy (S. Onbaşıoğlu, 

2005). 

Secondary Energy Sources 

Secondary energy is obtained as a result of the exchange format of converting the 

physical condition of the primary energy (Gazi, 2007). In short; there is a requirement for 

primary energy source for the emergence of this kind of energy. In order to achieve this, it 

is necessary to greatly benefit from infrastructure investments in science and technology, 

thermal and nuclear power plants, oil refineries etc. (Goel, 2005). 

In this way, the major secondary energy sources consist of electricity and hydrogen 

energy. The most important function of these resources is; they can be carried and the 

resulting energy can be stored.  

Therefore, these resources are also known as "energy carriers" in particular. Rather 

than describing hydrogen as a type of energy source, using the term “carrier” can describe it 

more accurately (DOE, 2018).  

Hydrogen is not only primary renewable energy source but also it includes the 

integration of secondary energy sources that form a permanent power system (Veziroğlu, 

1998).  

 The percentages of energy consumption by sources are shown in Figure 4.1.   
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Figure 4.1 The World Energy consumption by energy source in 2016 (EIA, 2017) 

 

4.2 Non-renewable Energy Resources 

A process of rapid change in the world has been experienced in the last fifty years. In 

particular, population growth, industrialization, urbanization and social welfare and 

progress brought about by globalization have made it a priority to meet the sustainability of 

energy demand. On the other hand, with growing energy requirements of rapidly 

developing countries, the rise in energy demand of the world is expected to significantly 

continue in the coming years. In addition, IEA expected that the world's energy needs will 

increase by 90% in 2030, and there is a problem on how to meet this growth can be met 

without the availability of resources (IEA, 2005). 

The studies show that fossil sources constitute a large part of today's resources; 80% 

of the world's energy sources are oil, coal and natural gas (IEA, 2014). However, these 

resources show a serious decrease. In addition, fossil fuels cause carbon dioxide emissions 

and global warming. If fossil resources will be continued to be used as today, there will be 

a large increase on environmental concerns in the future (TÇV, 2006).  
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4.2.1 Fossil Energy  

In future, a sustainable development can be insured if a sustainable energy concept is 

followed by the countries. Fossil energy sources have been considered to be appropriate for 

many years; but in today’s point of view, the validity of this thinking began to be 

questioned.  

In particular, fossil energy sources are queried in terms of environmental impact and 

security direction. The general statement in this section of the study will examine the 

historical development and future assessments will be made as customer. 

In the world, solid, liquid or gaseous fossil fuels contains energy burning and 

converting  the electricity, heat (thermal) or fuel energy, so what is obtained from the 

conversion of this energy is called fossil based energy. The main sources of fossil energy 

are coal (hard coal, brown coal), oil and natural gas (Alemdaroğlu, 2007). 

Undoubtedly the most important of these is oil. In terms of structure as oil, In the 

inner parts of the Earth are liquid, gas or solid; plant and animals general name is given as 

natural mixture of hydrocarbons. This term was first published in 1556 by the German 

mineralogist Georgius Agricola De Re Metallica was used in his work (Pala, 2006). 

Another fossil energy source is coal, the plant which began to be seen in the first time 

in many years old in the land, once embedded in sedimentary rock jam consistency and 

become to a coal by result of undergoes change has emerged. The most important feature of 

the coal is that it is the first one to be used source in mineral fuels. (Sen, 2002).  

The gas consists mostly methane, lesser amounts of ethane, propane, butane, carbon 

dioxide, and helium gas containing nitrogen; it is a colorless, odorless and high-calorie fuel 

gas. According to outdoor air, it has a feature being a lighter volatile gas. In comparison to 

other fuels, the amount of carbon in the blue and opaque nature of combustion with a flame 

and the amount of carbon dioxide emitted is lower in level than the other fossil energy 

sources (Arın, 2002). 
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4.2.2 Nuclear Energy  

 

In today's energy systems, establishing the nuclear power accelerates the movement 

of industrialization and it has been the first serious alternative to fossil energy sources. 

When using the electricity production in the period up to now, nuclear energy intensive 

discussions on the various segments considered it as one of the most important inventions 

of the 20th century. 

The nuclear energy is briefly interpreted in the world community for many years; The 

division of the nucleus of an atom (fission) or after radioactive distortion, expressed due to 

the difference as the sum of the mass exposed energy. Nuclear power plants produce 

continuous and controllable electrical energy which is released as a result of splitting 

atoms. The fuel used here that may be natural or enriched (increased uranium ratio) is 

uranium material (Tombakoğlu, 2006). 

The electricity generation using nuclear energy is realized as follows: Basically 

fission (division) is afforded the exposed nuclear power, nuclear fuel and other materials in 

being transformed into heat energy. This energy is drawn directly with a refrigerant in some 

systems or firstly converted to the turbine system kinetics energy, then into electrical 

energy in a generator system (TAEK, 2007). 

In this regard, the USA who pioneered the first application of nuclear energy 

accomplished by throwing two atomic bombs on Japan during World War II. But 

immediately after the 2nd World War, the same USA began to study the use of nuclear 

energy for peaceful purposes (Sanalan, 2003). For this purpose, first in 1946, Atomic 

Energy Commission (AEC) established the first nuclear power plant that produced 

electricity and it entered into service later in 1951 in the United States (NUC, 2007). 

In 1957 the International Atomic Energy Agency (IAEA) followed USA’s study. 

"Atoms for Peace" organization, showing events with the motto to form the safe and 

peaceful nuclear technology, continues its work with this understanding (IAEA, 2007).  
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In 1958, the European Economic Community (EEC) countries by the European 

Atomic Energy Community (EURATOM) were established. The purpose of the countries 

to establish this community was to use atomic energy industry and energy production for 

peaceful purposes. But because of the small prices of oil that did not increase until the 

1970s, which were carried from sub-Saharan Africa by giant tankers, the function of 

EURATOM was significantly decreased (Karluk, 2005). 

In 1960’s, there has been a time when the nuclear energy industry was restructured. 

The nature of the first commercial nuclear power plants led the life through rigorous two 

major US companies Westinghouse and General Electric; these plants were followed by 

new power plants introduced in France, Canada and the Union of Soviet Socialist 

Republics (USSR) (UIC, 2007). 

Many enterprises saw nuclear power as environmentally sensitive and reliable in the 

1960s and 1970s. But this interest has entered a downward trend in the 1980s. Electrical 

energy demand which is generated from nuclear power decreased, industry growth 

decreased and nuclear energy doubts (waste problem, reactor safety) started to increase. In 

particular, there have been nuclear accidents at Chernobyl  and the Island of Three Mile in 

1990 and in 1986, which were two important events that support these negative thoughts 

(Nuc, 2007). 

In contrast to these developments, by the end of October 2017 shows efficacy in 31 

countries for a total of 439 nuclear power plants for electricity production. In addition, a 

total of 32 single central wells are at the stage of construction (TAEK, 2007). Operating 

plants cover 15.2% of the total electricity production (IEA, 2007). However, its dependence 

upon oil, providing energy security and toxic gas emissions below a certain threshold also 

lowers factors such as the necessity of providing a serious way to remain on the agenda of 

nuclear energy (Eler, 2003). 

Until the beginning of the commercial use of nuclear energy, they have been left 

behind nearly half a century. During this time, fossil energy sources were a serious option 

to be considered against nuclear energy due to the experienced nuclear accidents and 
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cyclical developments could not be utilized at the desired level. Although nuclear energy is 

on the agenda of negative thoughts, no doubt there are positive approaches. 

 

4.3 Renewable Energy Resources 

In this part of the study, in order to do an evaluation of renewable energy sources; 

increasing use of renewable energy sources throughout history according to the importance 

of other sources of energy developments, challenges and benefits will be examined.  

When fossil reserves are considered together with the yet undiscovered reserves, it is 

seen to be a problem in terms of the adequacy of the reserves in the next decade (Pamir, 

2005). However, when looked from today, although the impression that these data are quite 

a long time, the fact that fossil resources will one day come to end does not change.  

However, considering that negative attitudes and behaviors towards nuclear energy 

may continue for years, in the long term, for the good of the human and ecological life, a 

single energy source is likely to remain positive impact: renewable energy. 

The fact that there is no common terminology on the term of renewable energy that 

exists forever on earth but their resources are not utilized sufficiently. In order to accept this 

energy as "renewable" it needs to be having some elements. According to these elements;  

 The source must be sustainable in natural environment or must be 

reproducible 

 The source, unit of the energy produced in per unit of time, must be equal to 

the energy drawn from the source,  

 Source of energy must be the sun (Onbaşıoğlu, 2005). 

In this regard, the majority of the renewable energy receives energy from the sun 

directly or indirectly, so that these resources are not being exhausted, but continuously 

refreshed. In recent years, energy resources which are utilized with technological 
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developments are called potentially "new"; and inexhaustible, non-reducing resources are 

called as "renewable" energy sources (Enis, 2005).  

Terms of renewable energy can be defined as the energy has same fedding rate as 

using rate, or the energy is derived from continuously and repeatedly resulting current in 

the natural environment. (Sen, 2002). 

Following these explanations, in order to make a healthy comparison between the 

sources and the countries it will be useful that understanding what the official documents of 

international organizations and in studies are explained renewable energy sources.  

EU: The European Union, prepared 2001/77 / EC in September 2001; "Renewable 

energy sources are renewable, non-fossil (wind, solar, geothermal, wave, tidal, hydropower, 

biomass, biogas, sewage treatment plant gas and biogas) energy supplies." It is stated in 

Article 2.  

This directive included hydroelectric power installation having 10 megawatts (MW) 

and smaller in the scope order an increased use of renewable energy sources (EUR-LEX, 

2001).  

IEA: Renewable energy is defined as; "Consistently renewed energy obtained from 

the natural process". Among renewable energy sources, widely used ones are hydroelectric, 

solar and wind energy, as well as biomass and geothermal (IEA, 2007). 

United Nations (UN): Known with work of effective global organization towards the 

climate change, renewable energy sources are expressed as; wind, solar, geothermal, 

hydroelectric, biomass, wave and tidal energy (UNP, 2005). 

Turkey: In Turkey, an official statement for renewable energy as "Renewable 

Energy Law No. 5346 on the Resources for the Purpose of Generating Electrical Energy" 

was issued in 2005.   
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Accordingly renewable energy sources; hydraulic, wind, solar, geothermal, biomass, 

biogas, wave, current and non-fossil energy sources such as tides. Thereof, as well as plants 

with river or canal type reservoir area 15 square kilometers (km2) which are under the 

hydroelectric facilities are included in the renewable energy sources (Anonymous, 2005). 

When the journey through the historical process of examining renewable energy, 

cyclical developments, as somewhat increases the use of renewable resources has a level of 

variability. In particular, starting in the late 18th century industrialization movement, there 

has been a turning point for renewable energy. 

In the era when rapid industrialization movements continued, in contrast, fossil 

energy sources are based on the movement of people and the sustainability of the system, 

not possible anymore in terms of both ecological structures. Since the 1970s, the economic, 

political and environmental developments in the world have also supported this notion. In 

this respect, examining the developments outlined, it would be useful to understand what 

caused the renewable energy agenda again. 

The number one of the elements that increase the importance of renewable energy 

sources is environmental concerns of societies. Global warming and climate change, on the 

basis of these concerns, may be referred to as pollution of the atmosphere or greenhouse 

effect. In different words, increasing burning of fossil fuels such as gasoline leaves large 

quantities of harmful pollutants to the atmosphere. The global warming leads to the 

increase in the earth temperature (0.3◦C every 10 years) due to these gases. The most 

important among these gases is carbon dioxide gas (ÇOB, 2004).  

These changes occurred on earth and around it reached to such an extent level today, 

in the US, which contributes the most release of greenhouse gases into the atmosphere. A 

former Vice President Al Gore took a decision to conducting an advertising campaign to 

draw attention to the sudden climate change and its negative impact. It took an amount of $ 

100 million annually (Hargreaves, 2007). 
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This example illustrating the correlation between the level of industrialization with 

environmental pollution is not limited to the United States. In particular, in the last decade, 

countries that have gained great momentum also share these negativities. 

As a result, when designing a sustainable smart grid, the best renewable energy 

resources are needed to be recognized to increase efficiency and quality of the transmitted 

energy. The purpose of the thesis work is to use renewable energy sources in the smart grid 

to provide energy transmission quality, which is an important task to use the renewable 

energy sources. To reach this aim, positive and negative features of renewables were 

examined in this section. Afterwards, the effects of the integration of these resources into 

the grid will also be examined.  

 

4.3.1 Wind 

Throughout the history, wind energy has been utilized for the manipulation of a 

variety of ways as one of them is the use with the windmills; this source, nowadays is an 

important option in meeting the rapid increase in global electricity consumption. 

In general, the wind is described as; the air movements which are resulting when 

sunlight is heating the world surface. Solar heat reaching the earth, warms the surface 

layers instead of directly heating the Earth; from these layers back to the atmosphere the 

reflected heat causes the air to warm up. Earth is not coherent (uniform) (land, sea, desert, 

forest, etc.).  

Accordingly, the amount of absorbed energy varies according to location and time. In 

this case, atmospheric pressure creates differences in temperature and density; As a result 

of emerging forces, by moving air from one place to another, "wind" is called to ensure the 

realization of the meteorological events (Sen, 2002). 

The energy from the air in motion (kinetic energy) represents wind energy. The total 

amount of wind energy generated by only using 1% of the energy coming from the Sun is 
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50-100 times more than the generated biomass energy which uses all the plants in the world 

(TÇV, 2006). This power, which can be obtained from wind energy increasing is expected  

further in the future years depending on the used technology (Özgener, 2002). 

The electrical energy produced by wind turbines is usually performed in two ways. 

These applications are as follows:  

Stand Alone (Off-grid) Systems: Such systems typically are not connected to the 

mains. Mountain and sea houses, towers are used in surveillance and meteorological 

station. In contrast to being particularly suitable in terms of environmental effects, once the 

wind is not blowing constitutes a major problem. Therefore, an energy storage device 

(battery, etc.) is required in systems that are not connected to the grid (WWEA, 2007). 

Grid Connected (On-grid) Systems: In such systems, a portion or whole of the 

electricity generated is possible to be transferred to the grid. Power can be provided from a 

single wind turbine or a number of wind turbines which are possible to be grouped together 

to create "wind farms". Wind farms which consist of dozens, even hundreds of wind 

turbines, have a significant cost advantage compared to the single turbine structure due to 

mass production of electricity (Elliott, 2003). However, grid-connected wind turbines are 

being established possibly onshore or offshore with not only to the domestic network, 

connecting in the direction of cross-country (Kjaer, 2006). 

All these explanations reveal the general structure on obtaining electricity from wind 

energy and continued with researches about the predictability of produced electrical energy. 

To achieve this prediction, it is aimed to develop a new technique and programs developed 

in the wind power system to make wind energy a more reliable source in the future (TÇV, 

2006). 

The World Wind Energy capacity increases day by day as can be seen in Figure 4.2. 

In the 21st century, positive developments are experienced in terms of the use of wind 

energy systems. 
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Figure 4.2 The World wind energy capacity by countries in 2017 

According to Figure 4.2; by the end of 2017, world wind power installed capacity has 

increased to 539.291 MW level (Wwindea, 2017). While it is compared with the data for 

the year 2005, it signs 14.900 MW plus capacity (3519.40% increases) and the installed 

capacity is increased approximately 400 times in the last 10 years (IEA, 2001). 
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Wind energy challenges and benefits are summarized below (EWEA, 2004): 

The most important reason for the rapid development of wind energy is the 

identification of potentially low negative impacts of it on the environment. During the 

production of electricity, a rather low level of carbon emission occurs in nature.  Providing 

a cleaner and healthier production of electricity, it can make a positive impact on the 

sudden global climate change. 

Wind energy is abundant and freely available in quantity in the atmosphere. 

Therefore, as an inexhaustible source of energy rules, it can be used to defend the rights of 

future generations. In the period up to 2020, if 10% of global electricity supply is provided 

by only wind energy, even the technical potential of wind will still not be used. 

Wind energy is an indigenous source of energy. Different from oil and natural gas, it 

is not necessary to have external energy of wind energy; so that in the field of energy, it is 

possible to reduce the dependence on the countries. 

The development of wind energy utilization as other renewable energy sources will 

assist in providing energy security. Thus, prevention of struggle over fossil resources may 

also be possible. 

Technological developments have reduced investment in wind turbines and electricity 

production costs significantly. However, for wind turbines, demand is limited by number of 

manufacturers; turbine is the biggest obstacle to further reducing costs.  

Unit electricity generation costs are the cheapest options for fossil resources that 

become competitive with coal and natural gas. Environmental costs caused by fossil 

sources are not included in these costs.  

Wind energy industry, while creating new business opportunities, also contributes to 

the development of the regional economy.  
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Characterized in that, the intermittent and variable wind energy reveals the problem 

of storing the generated electricity. This requires the establishment of an energy storage 

system.  

Making the healthy wind measurements in order to obtain a high level of energy 

efficiency and the potential structure must be determined.  

Wind turbines do not cause bird deaths as thought; however, it is known that because 

of the facilities, the migrants have to change their migration routes. 

Besides, with advanced turbine systems and new generation designs, turbines aim to 

reduce noise and visual pollution to the lowest level. 

 

4.3.2 Hydro 

Hydroelectric energy, like other renewable energy sources, emerges from the Sun. 

Considered among traditional energy sources, hydroelectric energy, with a high level of 

efficiency, is the most abundant energy source of the approximately 35 countries around 

the world (Hau, 2006). 

The world's water resources are currently investigated with the use of hydroelectric 

energy potential and assessment of the economic and environmental impact of the 

hydroelectric power is maintained in this section. In recent, there has been an important 

development in hydropower globally. The capacity of total installed capacity has risen by 

39% from 2005 to 2015, with an approximate growth rate of 4% per year (WEC, 2017).  

The main source of hydroelectric power is the sun and this situation is concerned with the 

emergence of a water mass as part of Sun's hydrological cycle. Atmospheric based water 

occures within the hydrological cycle and reachs the Earth's surface in the form of 

precipitation. 

In the hydrologic turbine system, once increased water accumulated in the dam is left 

over from a certain height (energy movement to transform potential energy). Thus, the 
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rotation of the impeller is provided in the located turbine system below (mechanical energy 

to transform the kinetic energy). Of the turbine system, a hydroelectric generating process 

is completed with the transmission of mechanical energy (electrical conversion of the 

mechanical energy) (USBR, 2005). 

In general, the term of "water resources" represents a multidimensional meaning. 

This is not just physical but stems from the importance of water resources having 

environmental and socioeconomic aspects. When water is evaluated from the socio-

economic and environmental point of view; it becomes a formative resource for many 

countries and is expected to take first place among the topics of international disputes in the 

next quarter-century. This was due mainly to; rapid ascension in the world population, 

caused by the increase in social welfare and economic development which also increases 

the amount of water use and regional droughts caused by climate change on global 

warming and sudden ascension. (TÇV, 2006). The concept of natural water resources refers 

to the sum of both internal and external also the underground and surface waters in the 

country. If real (actual) water resources, the birthplace of the sources and flows with 

countries that these countries are evaluated according to the official or unofficial use of the 

framework agreement between the studies. Therefore, the rating varies relating to the actual 

water supply change each year (FAO, 2003). 

The researches show that the total amount of water on earth is approximately 1.4 

billion km3. 97.5% of this water is saline water in oceans and seas; the remaining 2.5% is 

available as fresh water in rivers and lakes. Due to the small amount of it is under 90% of 

the poles of freshwater and location, the amount of fresh water may benefit favorable ease 

(DSİ, 2017). Accordingly; the amount of use of freshwater resources in the world, only 

43,750 km
3
 / year and the continental distribution of these resources; America 45%, Asia 

28%, Europe 15.5%, Africa 9% and in the form from other continents 2.5% are realized 

(FAO, 2003). 

After these explanations, the world's hydropower potential at the end of 2016, the 

national distribution is shown in Table 4.2 (WEC, 2016). 
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Table 4.2 The World’s hydropower potential in 2016 

 

Source: International Hydropower Association *Undeveloped hydropower potential is a technical 

figure based on country reporting and analysis, and does not reflect whether or not development of this 

potential is economically or sustainably feasible. 

TOP 20 COUNTRIES BY UNUTILISED HYDROPOWER POTENTIAL 

Country 
Undeveloped 

(GWh/year) 

Total Potential 

(GWh/year)  

Current 

Utilisation (%)  

Russian Federation  1 509 829  1 670 000  10%  

China  1 013 600  2 140 000  41%  

Canada  805 111  1 180 737  32%  

India  540 000  660 000  21%  

Brazil  435 542  817 600  48%  

Indonesia  388 289  401 646  3%  

Peru  369 058  395 118  6%  

DR Congo  306 512  314 381  2%  

Tajikistan  299 269  317 000  5%  

USA  278 775  528 923  52%  

Nepal  205 777  209 338  2%  

Venezuela  181 163  260 720  31%  

Pakistan  172 820  204 000  14%  

Norway  161 000  300 000  45%  

Turkey  149 100  216 000  27%  

Colombia  151 000  200 000  22%  

Angola  147 048  150 000  3%  

Chile  137 428  162 000  12%  

Myanmar  134 224  140 000  4%  

Bolivia  123 663  126 000  2%  
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In summary, a large portion of the world's hydropower potential has not yet been 

evaluated. In contrast, hydropower which is a classic source of renewable energy has 90% 

rate of all renewable resources in terms of global energy consumption. Because a faster 

development is expected in other renewable energy sources in the coming years, will fall 

approximately 63% previous rate of all energy sources. In case of realization of this 

prediction, the economic hydropower potential of about 1/2 again inactive (inert) will 

remain in state (IEA, 2007c). 

The hydropower, mainly in the economic and environmental point of view has some 

positive and negative aspects. These aspects as challenges and benefits are summarized 

below (Hilgenkamp, 2005; Schellnhuber 2001; Greenpeace, 2005). Hydropower is a clean 

energy and does not generate environmental pollution. It does not produce atmospheric 

pollutants such as dust, fog, and acid rain; balances the concentration of greenhouse gases 

resulting from the use of gas, oil and coal.  

In contrast, hydroelectric power plants for example dams concrete with large water 

volumes if staying under water the settlements and thus cause the deterioration of the 

ecological structure in which they are installed. Also, the discontinuation of forest areas in 

the plant construction also constitutes one of the adverse effects of the hydraulic energy on 

the environment. This negative aspect arises mainly from the use of large scale hydro (> 30 

MW); for this purpose, small-scale construction of river-type plants is encouraged in many 

countries. 

Hydropower has been used for a hundred years and because of its structure, it is the 

most advanced technology in renewable energy sources. In contrast, poor utilization of the 

hydropower potential is also seen in some areas. Continental evaluation in Africa, use only 

7% of the hydropower potential; this ratio does not exceed 22% in Asia having the largest 

water sources.  

In particular, to increase their investments in the hydroelectric power stations of the 

country, and also to reduce the level of external dependence on energy, the establishment of 

these plants will provide both economic and social contributions.  Hydroelectric energy has 
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been used for many years on a global scale, it offers less cost and more efficiency when 

compared to other energy sources. However, dam and power plant production technology is 

also important. The researches show that 2.2% of the dams founded before 1950 collapsed 

due to excessive water pressure. In 1975, as a result of the collapse of the Banqiao Dam in 

China, 500 million m
3
 of water released to the area of the surrounding settlements and it 

caused more than 200,000 people lost their lives (Britannica, 1996). 

Finally, hydroelectric power allows wider and more comprehensive multi-purpose 

usage of water resources. Water and energy are very important two fields for an acceptable 

quality of life, hydropower plays a role in unifying these two areas. 

 

4.3.3 Geothermal 

Geothermal energy is another renewable energy source that came up after the oil 

crisis in 1974. This resource is domestic and renewable; reducing energy imports from 

countries; the low amount of greenhouse gases from the use contributes to the reduction of 

environmental degradation to acceptable levels. 

Geothermal energy covers directly or indirectly from any use of geothermal energy 

sources, which constitutes of geothermal energy, and geothermal renewable refrigerants in 

order to maintain the property of being a sustainable energy source; rain, snow, sea or melt 

(magmatic) of underground water tanks should not be on the use of a continuous feed and 

nutrition (TJD, 2017; Karamanderesi, 2001). 

The operation of Geothermal Energy Technologies is based on “the use of hot water 

to boil a working fluid” contained within the earth (naturally) or the transportation of steam 

through the drillings. In this way, it can be obtained by direct heat energy to generate 

electricity (Üçgül, 2005). Geothermal heat and electrical technologies field can be used 

depending on the temperature and conditions of geothermal working fluid. Geothermal 

energy is divided into three classes according to the temperature level; low temperature 
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(enthalpy) (20-700
0
C) pitches, medium temperature (70-1500 

0
C) pitches and high 

temperature (greater than 1500 
0
C) field. Heat energy may be obtained from all three 

classes located in the field, the electric power is obtained from generally high and medium 

temperature field (Şimşek, 1998). 

The geothermal energy potential of geothermal generation shows significant 

differences between continents. The continental distribution of geothermal energy potential 

in the world is included in Figure 4.3 (WEC, 2016). 

 

Figure 4.3 Top countries per geothermal generating capacity at the end of 2015 (GW) 

The richest continents in terms of geothermal energy potential are Asia-Pacific and 

South America. These two continents have about 60% of geothermal energy potential of 

the world. In Asia and the Pacific; Indonesia, Philippines, Turkey, Japan and New Zealand; 

In S. America; Colombia, Ecuador, Chile, Peru, Bolivia and Argentina countries are in the 

top ranking in terms of geothermal energy potential (Chandrasekharam, 2002). 
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Geothermal energy power generation is located first in the US with a share of 30.7%. 

Philippines, Indonesia, Mexico, New Zeland, Italy and Japan countries follow the United 

States in the electricity production. The Philippines has a 16.3% of national electricity 

production from geothermal energy, and this ratio ranged from 0.3% to 5% in other 

countries (Lund, 2002). 

As a result; The rate of increase in the use of geothermal energy in the world (an 

average of 2.3% per year) is relatively low compared with other renewable energy sources. 

In contrast, with the development of new technologies in the coming years evident in both 

electricity and heat technology applications, increases are expected to be experienced 

(Gawell, 2007). Geothermal Energy Association (GEA) researched that installed capacity 

of 13,500 MW of electric power field for 2010; The IEA envisages an electricity 

production from geothermal energy to 185 TWh / year in the year 2030 (Lund, 2002).  

Geothermal energy has a different place among other renewable energy sources with 

a number of aspects. These aspects are summarized below (Dickson, 2017; DPT, 2001; 

Karamenderesi, 2001);  

Geothermal energy has long life time because of being renewable. The length of life 

depends on the continuous feeding by working fluid of geothermal resources geothermal 

reservoir. For this, the geothermal working fluid needs to be used in heat and power 

production, pressing back below ground landfills (re-injection).  

Sending to the underground, it not only prolongs the lifetime of geothermal energy 

but also avoids the negative effects on the environment. Consisting high amounts of boron 

and salt flow, it creates negative consequences, especially in agricultural applications. 

However, it is possible to eliminate this problem by the back compression method. 

Geothermal energy in carbon emissions of environmental pollutants has significant 

advantages over other energy sources. The carbon footprint of older generation geothermal 

power station is about 0,136 kg / MWh. When produced by new generation stations (binary 

type) and heating systems, this value becomes lower (Goddard et al. 1989). 
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Producing heat and electricity with geothermal energy does not require large 

installations, such as oil, nuclear and hydroelectric power. Therefore, the maintenance of 

geothermal power plants is easier and lower cost.  

 Geothermal energy is a continuous source of energy not affected by short-term 

weather events. On the other hand; wind, solar and other renewable energy sources such as 

hydropower have a variable and discrete nature. 

Another disadvantage associated with the use of geothermal energy source is being 

limited to used place and necessity to transport long distances. Today, geothermal energy 

can be transported in an effective way, just about 100 km.  

As a result, the potential of geothermal energy is used for many different industrial 

fields as electrical energy production from domestic heating, cooling the thermal treatment 

etc. In the coming years, even if only 1% of geothermal heat potential of the world is 

exploited, millions of dwellings can be heated at a low cost, and also savings can be 

obtained in billions of cubic meters of natural gas. 

 

4.3.4 Biomass 

Biomass energy is local and an environmentally friendly source as other renewable 

energy sources. The main difference separating the biomass from the others, not only from 

the ones in nature, but also by the creation of new resources by means of cultivation 

technique can be improved. In this manner, in terms of biomass, energy ecosystem is a 

renewable and sustainable energy source. 

"Biomass" is a broad term used to express large biologically sourced materials which 

can be utilized as an energy source. Wood, agricultural products, algae and other plants and 

agricultural products’ source and also obtained from the residue as may be forests are 

considered as biomass. The energy obtained from these sources is called "biomass energy". 
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Biomass energy sources can be used for many purposes as heating, fuel, and electrical 

energy.  

The term of "Bioenergy" refers to electricity or heat generating systems using 

biomass, and the term "Biomass" is used to express the resulting solid, liquid and gaseous 

fuels (EREC and GREENPEACE 2007). Countries are concerned about the rapid decline in 

the amount of fuel in the World and become to use renewable energy sources to reduce 

dependencies after the energy crises of the 1970s. The creation of energy forests with 

features of economic, natural, social and so on. that gain more importance from other 

renewable energy sources and the products to be obtained, especially the use of energy and 

petroleum dependency can be significantly reduced (Saraçoğlu, 1996). 

The principal crops, which are grown for producing bioenergy in agriculture are; 

corn, soybeans, sugarcane, sugar beet, sweet sorghum, canola (oilseed rape), sunflower, 

safflower, cotton etc. Since these plants have a rich content as oil, sugar, starch, and 

cellulose, high efficiency can be obtained (Brown, 2003). In recent years, these plants have 

been used in different industries and have attracted the attention of the developed countries. 

The studies conducted by these countries, biomass and its derivatives are the most 

promising application form of electricity generation in the provision of energy from the fuel 

(TÇV, 2006). In this regard, examination of the characteristics of the product obtained from 

biomass, and the biomass technology have great importance. 

In the biomass field, in addition to available resources, the breeding methods, such as 

energy farming and energy forestry,  refers to “var” than the numerical value of basis of 

biomass resources and energy potential. Therefore, the projections relating to the future is 

not the only aspect of the potential use of biomass energy direction.  

Nowadays, the world biomass resources and energy potential reached to very large 

sizes. Because of a number of calculation methods and factors such as agricultural methods, 

the growth of forests, production technologies, the projections made on this issue is seen to 

differ significantly from each other. 
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Table 4.3 The World’s national projected bioenergy production potential and the energy demand in 

2050 (Smeets, 2007) 

Country/Region 2000 (EJ) 2050 (EJ) 

North America 21.5 198 

          Latin America 20.1 265 

Asia 21.6 197 

Africa 21.8 378 

Europe 9.2 68 

Ocenia 0.1 108 

Baltic States 12 235 

Japan 0.2 125 

World Total 106.5 1.574 

 

In the light of definitions in Table 4.3, the world's theoretical energy potential of 

biomass is sufficient for all of the global energy demand, approximately 3,100 EJ / year 

(tpa 70.172 billion / year) level. However, considering the technical limits, in 2000 at least 

106.5 EJ / year (2.662 billion tpa / year) that prescribed technical biomass potential could 

then be increased up to a level of approximately 1,574 EJ / year (34.440 billion tPA / year)  

in 2050.  When continental distribution is analyzed; Energy potential of biomass is lower in 

Europe and the former USSR countries (has been estimated 238 EJ / year level for USSR 

countries in 2050); continents in their outside/regions is seen that distribution is showed 

closer. In particular, because of large forested areas and a large number of animal species, 

enables the development of biomass energy potential (8.885 billion tpa / year for 2050) in 

Southern Africa. Also includes liquid biofuel production according to small and large 

agricultural areas and these energy crops are grown in Northern USA (Smeets, 2007). 

Classical biomass energy sources have been used for centuries throughout the world. 

Technological developments shaping of contemporary biomass resources constitutes an 

important option in the understanding of sustainable energy in the 21st century. Therefore, 
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to dwell on the positive and negative aspects of the biomass energy, economic, social and 

environmental aspects will ensure a more objective evaluation of the energy source of the 

future. When evaluated from an environmental perspective, biomass energy reveals a 

significant amount of carbon dioxide during operation. However, this carbon dioxide 

absorbed again by plants is used for photosynthesis. The result of this cycle, the amount of 

carbon dioxide release into the environment of biomass, is less than 90% based on fossil 

resources (TÇV, 2006). 

In particular, studies for the evaluation waste (paper industry waste, industrial wood 

waste, municipal waste, animal waste, agricultural residues et al.) with modern energy 

agriculture and energy forestry help to local and regional climatic control and prevention of 

soil and water pollution.  Also, as current biomass applications give effective results in the 

subject of soil loss (erosion) and under control of the reduction of forest fires (Habitat, 

2018). Another benefit of biomass energy is being constant dissimilar to solar or wind 

energy. Also, unlike other renewable energy sources, the biomass potential can be 

developed over time. In the biomass-growing, energy plantations and forest products can be 

taken in a time period ranging from 1 year to 20-30 years. Thus, the agricultural land and 

area, which are not suitable for use, are provided to evaluation (Morris, 2006).  

One of the most important examples of the use of agricultural land for biomass 

energy use is Germany. Many times for the production of biomotorin canola plant added; 

however, because there is no suitable place for sowing, Germany begun to import the plant. 

Ukraine, which produces almost all of these plants, exports to Germany (Biyodizel, 2015).  

This and similar examples are also quite common in the developing countries such as 

Brazil and China. Since it occupied an important place in these countries, the agricultural 

sector in the national economy, bioenergy and biofuel production, is a viable option in 

terms of job creation in rural areas. Thus, the realization of regional development and the 

prevention of migration to large cities is becoming possible (Habitat, 2018). 

In contrast, due to weight corn, sugar beet and sugar cane in biomass energy 

production, the amount of production in other grains and the decline in supply tends to 



63 

 

 

 

increase the price of many food products. Especially in the US, since the raw material of 

corn bioethanol production is encouraged, feed prices increased by approximately 20% in 

2007.  It causes other agricultural production prices to go higher (Uras, 2007).  

Although useful in obtaining heat and electric power, biomass power plants are also 

provided to produce electricity. While the heat released is forwarded to the home system 

through the pipe at a close distance or industrial establishments (EREC and 

GREENPEACE, 2007). 

As a result, biomass energy is an indigenous resource like other renewable energy 

sources. However, there are important issues in portability and storage stability without an 

advantage over other renewable energy sources. Especially biofuels are expected to take the 

place of fossil fuels in the future and will reduce the intake seriously (Quaschning, 2005). 

 

4.3.5 Solar 

The sun, by emitting a high amount of heat and light, has a crucial role in both the 

warming and lighting of the cold Earth. Though people delayed to use these features to take 

advantage of the sun's being, conducted studies have promising qualifications for the 

future.  

In this part of the study; Solar energy and technologies developed toward the use of 

this energy will be examined; challenge and benefits of these technologies and the reason 

for employing PV as a renewable source in this study will be investigated.  

Sun is a mass, which has 1.39 million km in diameter and approximately 150 million 

km far from the Earth, occured from the hot gas (95% hydrogen). Solar energy is a very 

powerful source of energy that occurs in the nucleus of the Sun as a result of the fusion 

reaction, which converts the hydrogen gas to helium (decomposition). 
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 The energy released in this reaction is spread into space by warming. A small portion 

of this energy arriving into the earth is more than the amount that can meet all the energy 

needs of humanity (TÇV, 2006). 

Accordingly, approximately 30% of sun rays return to space doesn’t enter the 

atmosphere because of reflection (SEN, 2002).  

The remaining 70% of rays, deep into the back space taken by the atmosphere is 

spread in the right long wavelength radiations. Earth, enough to continue life in a balanced 

way to take in the view radiation and reflect constantly. 

 According to the measurements; energy created by rays from the Sun to Earth is at 

an average of 1.35 KW per square meters; The solar energy obtained from 10 square meters 

is about 1 KW. With this calculation, it was shown that the energy generated by the sun 

rays coming into the world in one year is about 50 times larger than the energy occured 

from the known coal reserves (Alemdaroğlu, 2007). 

 However, sun rays reaching the Earth shows difference depending on geographical 

seasons and daily impacts (US Government, 1991). These limitations are intermittent, 

variable, scattered, and low density but it does not change the fact that it is a very big 

energy source (TÇV, 2006). 

To obtain useful energy from the sun, heat, and light of the sun together is given into 

the atmosphere to be harnessed by people that require electrical and thermal energy.  

In doing so, reflected heat emitted by the Sun must be focused on a point or line by 

various techniques. A receiver (collector) helps to focus energy source and thus a 

temperature up to 3000 °C can be achieved (Ayhan, 2007). 
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Photovoltaics Technology 

Photovoltaic (PV) technology is the "direct" systems that are used in the electricity 

generation. Structurally, the solar cells are the semiconductor material that converts solar 

rays which are incident on their surface directly into electrical energy. The efficiency of the 

photovoltaic cell varies depending on the raw material and types used in the cell (Colville, 

2017). Working system is based on the principle of "Photovoltaic". In this way, the 

formation of light falls on the solar cells and a voltage between the ends of the cell is 

provided to obtain electrical energy (EIE, 2017). Solar photovoltaic cells produce 

electricity by converting light energy from the sun. However, when sunlight is blocked, 

generation of electricity will stop. In this case, a system such as batteries is required for 

transmitting or storing energy (Akdemir, 2012; Fanchi, 2011).  

Today, the widely accepted definition is "photovoltaic cells". However, the "barrier 

layer solar cells," "self-generating battery", "solar cell", "fototronic solar cells" are also 

used in the same meaning (Graf, 1999). The general structure of the solar cell is presented 

in Figure 4.4 (Markvart, 2003). 

 

Figure 4.4 General structure of solar cell 
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Solar energy has the cleanest, environmentally friendly structure among all the 

renewable energy sources (Messenger, 2003). The usage of photovoltaic technology, which 

converts solar energy into usable power, is increasing more and more (Bakır, 2016). The 

solar cells are combined into series or parallel form to obtain solar panel. The general 

structure of a solar panel is given in Figure 4.5 (Shaik, 2018). 

 

Figure 4.5 General structure of a solar panel 

Since the first day of photovoltaic in the market until now, lasting approximately 40 

years, important developments in technological studies have been recorded (TÇV, 2006). 

Several major commercially available photovoltaic device types produced in this period 

and penetrated into the finding area are; single crystal, which is a polycrystalline or 

amorphous; Si (Silicon), GaAs (Gallium Arsenide), CIS (Copper Indium Diselenide) and 

CdTe (Cadmium Telluride). The average efficiency rate in this system is between 5% and 
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30% (Nowak, 2017).  The usage of solar cells changes based on the independence of the 

system from the grid. Examples of the stand-alone usage areas are; indoor and outdoor 

lighting of a building; earthquakes and weather observation stations; forest watchtowers; 

lighthouses; communication systems (telephone,  radio); fulfillment of the electricity 

requirements in rural areas away from the national electric grid; agricultural irrigation; 

parks, gardens, highway lighting and traffic signaling (TÇV, 2006; Quaschning, 2005). 

Nowadays, the energy obtained as a result of photovoltaic system connection to the 

grid has reached very large capacities. Solar plants, formed by interconnection with 

thousands of solar modules to produce electricity to the grid, provide up to 20 MW power 

(Üçgül, 2006).  

Consequently; the application of solar technologies extend to a wide range of 

products from the simple and low cost systems to complicated and high-cost systems. To 

benefit more from the important energy potential of the sun, all the main ingredient of all 

these products should be widely available until the utilization level of usage (Kopacak, 

2016). 

The sun is located on different situation from other sources that the periphery has 

radiated heat and light energy. Therefore, worldwide usage of solar energy of paramount 

importance.  

Solar energy studies reveal that the Sun's estimated lifetime is more than 5 billion 

years. Given this reality, it is understood whether any potential problem occured with solar 

energy as long as there is humanity. The intensity of solar rays changes due to the dip of the 

earth's axis of rotation of which depend on the latitude. Therefore, sun ray’s measurement 

values can be different in every region of the world and every country (TÇV, 2006). So, 

every country has different solar energy potential depending on its location as can be seen 

in Figure 4.6.  
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Figure 4.6 Solar energy capacity by region 

Figure 4.6 shows the world's installation potential of solar energy in various regions 

annually (WEC, 2018). According to this; the most intense energy installation rates in per 

cent are in Europe (43.7 %) and the lowest rates are in the Middle East and North Africa 

regions (0.6 %). These lowest rate regions are composed of straight and wide deserts, are 

unsuitable for agriculture, and water resources are quite scarce (Goswami, 2000). In 

constrast to these negative characteristics, they have average amount of solar energy 

(Belyaev, 2002). 

Solar technology for house applications as water heaters entered into the human life 

in the middle of 20th century. In the same period, the photovoltaic system converting the 

solar rays into electrical energy was developed. Also, 21st century is a period in which 

there has been accelerating technological developments in this field (Abbasi, 2004). 

European Renewable Energy Council (EREC) “Renewable Energy Scenario to 2040 

report” shows rates and predictions for the use of solar energy in the countrial region of the 

2000s (EREC, 2004). According to this study, the biggest development is expected in the 

technology of solar energy. An increase by approximately 550 times in 2030 is expected to 

occur in photovoltaic energy consumption (EREC, 2004). When considering this market’s 

average growth rate (35%) in the last 10 years, the possibility of realization of these 
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forecasts is increasing (WEC, 2017). The electrical energy produced by solar technologies 

is usually performed in on-grid and off-grid applications as follows (Bakır, 2016):  

Grid Connected (On-grid) Systems: In such systems, a portion or whole of the 

generated electricity is possible to transfer to the grid (Kjaer, 2006). The energy 

consumption of the user is met from the energy produced by the photovoltaic system. When 

consumption is greater than production, the consumer receives more energy from the grid. 

In cases the user's consumption is less than the production, the grid is fed by surplus energy 

(Turan, 2015). On- Grid systems can include battery storage or can be batteryless 

depending on the customer requirements. In this thesis, batteryless on-grid system is used 

and the insfrastructures of battery and batteryless on-grid systems are demonsrated in 

Figure 4.7 and 4.8.  

 

Figure 4.7 On-grid without battery system overview 
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Figure 4.8 On-grid with battery system overview 

 

Stand Alone (Off-grid) Systems: Such systems are typically defined as islanded or 

stand alone and can be established by making a direct connection to the load because there 

is no need for the storage of electrical energy. When a storage of electrical energy is 

required and there is no access to the grid, the battery storage is used in applications. The 

higher initial installation cost is a challenge when compared to on-grid systems (Bedeloğlu, 

2010). The capacity of the system can be set based on the duration electricity is not 

generated to meet the user's needs from the sun (Turan, 2015). The off-grid system 

overview is given in Figure 4.9. 
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Figure 4.9 Off-grid system overview 

 

In recent years, the solutions for power quality problems of renewable energy can be 

understood clearly from research reports which were prepared about the solar energy with 

many international organizations and institutions (Solarbuzz, IEA, WEC and etc.) working 

on PV and MG applications, like this field of study. For example, from a regional study 

made by IEA report, Figure 4.10 shows an increase in PV applications since 2017. Similar 

to the recent studies, the aim of integrating PV’s on MG’s are the focus of this thesis. As 

can be examined in the graph, researches are advancing rapidly. 
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Figure 4.10 Cumulative growth of PV applications (IEA, 2022) 

In summary, solar technologies are developing rapidly and becoming available to 

consumers. While predictions for the future are promising, for sectors which are sensitive 

about energy saving and use of renewable resources, the current situation does not satisfy 

adequately. Not only more preference of systems based on solar energy can be satisfied 

with this, but also falling prices of the systems can have a positive effect.  

Among the most important issues related to solar energy technology are the elements 

of cost and efficiency. In particular, increasing system efficiency, technological 

developments and providing economies of scale in production costs affect it positively 

(IEA, 2022; WEC, 2007). 

 To summarize some positive and negative aspects of the advanced technology of 

solar energy, these features are outlined below (Goswami, 2000; EREC AND 

GREENPEACE 2007); 

Solar is a renewable energy source. The lifetime of the sun is approximately 5 billion 

years, which means that human can use this resource at least 5 billion years. 
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Solar energy has discrete, changing and diffuse property. These features require more 

investment in the energy storage and power backup systems.  

Solar energy is a clean energy source. It was realized that the negative impact on 

nature and living things is approximately 10% of that of the impact of fossil fuels. 

However, silicon material, especially used in solar cell technology because of its low cost 

has a significant risk because of contained carcinogenic chemicals. 

There have been significant cost reductions in the photovoltaic for the year between 

1975-2005. Their price decreased approximately 95% per watt. In contrast to this 

development, compared with other energy sources, the unit cost is still high. In order to 

reduce costs, research-development studies are specified and the need for mass production 

increases. If these circumstances occur, in the 2040’s, producing approximately 30% of 

electricity from renewable energy sources will be possible to obtain from the solar cell.  

4.4 Grid Integration of Renewables 

 

Among renewable resources, solar technology was preferred in this study because of 

its lower initial cost and high efficiency. The study aims to investigate negative effects of 

solar technologies on grid. In accordance with this object, the effects of renewable energy 

sources on the grid will be discussed in this section. 

The necessity of the use of renewable energy sources in smart grid is on indisputable 

degree. But on the subject of DERs, grid integration has several points that should be 

considered. Primarily generation plants which will be integrated into grid affects all 

electrical equipment of the power system (Barker, 2000).  

As a result of grid integration effects of DERs’ facilities can not be well analyzed, 

cause some problems occur at distribution system, transmission system and final consumers 

based on the improper design of structural and connectional features. 
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Safety of life comes first, then security and continuity of the system in terms of the 

DERs integration must be analyzed in the best way (Çetinkaya, 2013). For this reason, at 

this part of our study work, the impact of the smart grid connections of distributed energy 

resources will be examined in detail. Changing structure of distribution grid is shown in 

Figure 4.11 with the DER integration. 

 

 

Figure 4.11 The change of the structure of the distribution network with DER integration 

Effects of DERs integration depend on; size and design of DERs (converter type, the 

impedance, the relay function of connecting transformer and the ground type), type of DER 

(wind, solar, etc.), interaction with other DERs and the load location in the distribution 

system and distribution system characteristics (radial / eye, or connection point voltage 

control equipment settings, feeder grounding type, overcurrent protection equipment type… 

etc.) (Mandal, 2002). 
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Various possible problems that may occur in the integration of distributed generation 

facilities are mentioned in this section. 

Stability  

According to distance between the connection point of generation station to 

communication system, the design  of transmission line must be appropriate for them. In 

the present construction, depending on the development of the distribution system the most 

appropriate line choices must be done (Mandal, 2002). In the integration of high power 

(MW level) DER unit into the distribution system (for example in this thesis study 2.5 MW 

is used) long distribution lines may need to be used depending on the connection distance. 

If line parameters are selected incorrectly, there will be a problem of voltage increase in the 

connection point  between the production facility and distribution system.  

Graphical and mathematical representations are given in Figure 4.12 as examples of 

the voltage rise which is occuring because of the source. 

 

 

 

Figure 4.12 Theoratical view of voltage rise 
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Distributed energy resource creates a load flow in the reverse direction along the 

feeder. This reverse load cause voltage rises in the distribution area due to the load flow 

amplitude (Bayliss, 2007). Figure 4.13 and 4.14 examine possible voltage rises occure on 

the distribution line (SANDIA, 2008; EPRI, 2001). 

 

 

Figure 4.13 The overview of the distribution system with PV as DER 

The problem of voltage rise depends on line length and line cross section, the number 

of parallel circuits the point of connection to the distribution system, the DER capacity and 

varying demand in the load region (minimum and maximum conditions) (EPRI, 2001). 

 

Figure 4.14 Overrunning the limits of voltage profiles due to DER (PV)  
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As a result of meeting the problem of voltage rise at the generation side, reactive 

power is limited.  In this condition, for solving the voltage rise problem, related DERs may 

have to take extra reactive power from the grid. In this case, the active and reactive power 

flow structure is affected and the voltage profile as well as losses inthe power system 

changes (Gönen, 2008). 

In this study, IEC 61850 and IEEE 802.15.4 long line parameters were used in PLC 

to avoid voltage increases due to line parameters and the DER capacity was selected to 

meet approximately 30% of the total power of the system. 

 

Fault Current  

 

All the equipment which is connected to the grid, affect the fault current. The fault 

contribution is caused by fault current level rising by the generators in the DERs (Nuroğlu, 

2009). 

DERs connection point and the fault contribution to the system must be well 

assessed. It can be seen that the fault current value of the distribution bus is exceeded by 

the DER’s fault contribution in Figure 4.15. 

In the possible loss of power in the distribution system, each DER makes a 

contribution to a fault current from the connection point. This additive break contribution 

level depends on the type of energy resource, used technology, and power size. 

In the integration of DERs into the distribution network, negative effects associated 

with the fault can be avoided during the design phase. 

The fault contribution from a single DER plant may not be very high, but a group or 

multiple of DER plants can reach to higher levels of total fault current contribution that 

blocks the operation of the system. 
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Figure 4.15 Overrunning the limit of bus voltages additive with DER (PV) 

In terms of system reliability and continuity, it is necessary that both power plant and 

the distribution/transmission facility limit values are not exceeded. Because of this, if a new 

power plant will be integrated into the system, the fault current limit must be well 

calculated and the element selection should be done in this direction. 

For this purpose, the fault current is continuously controlled and checked by 

measuring current from all branches and additionally from various points on the system. It 

has been taken care that the fault current value is kept at the IEEE limits. If there are 

exceeded current limits, results are explained.  
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Over Current Protection  

The distribution network structure, which is simple with the production plants added 

to the distribution system, becomes complicated. When DERs are integrated into the 

systems which are designed to make only one-way energy flow, due to using towards two-

way energy flow, it is required to convert the system to a different structure from the 

installation. 

For distribution grid protection in the world, the current protection philosophy should 

be adapted to this complex structure. Rising short-circuit currents can cause distortion in 

coordination of protection systems. It was explained in detail in previous section. 

The present embodiment radially operated (fault contribution is one-way) system, the 

result will contribute to short-circuit by the addition of a new resource on the farthest point 

or the buffer zone from the utility grid. Then, it causes available over current protection 

philosophy fail to work correctly. An example structure for this expression has been shown 

in Figure 4.16 (EPRI, 2001). 

 

 

Figure 4.16 Incorrect tripping examples on the feeder with DER 
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Another factor that leads to the effect of conservation coordination structure is 

consumption and production size that cause the power flow changes in the grid. 

Contribution to the fault current of small distributed energy sources in terms of 

installed capacity may not be large. However, adding the total contribution of many small 

strong production units or multiple group units may change fault current level /direction to 

large values, so it causes malfunction in the protection device (EPRI, 2001). This situation 

will adversely affect the reliability and security of the distribution system.  

As a result of increased fault currents, the fuse-breaker coordination could be the 

subject. Increased coordination structure provided with fuse-relay in the region there is a 

possibility of distortion due to fault currents (Collinson, 2003; EPRI, 2001). 

The short-circuit contribution depends on a DER plant.  If it is greater than 10% of 

the maximum short-circuit, it may cause severe uncoordinated protection. In this case, 

insurers lose their coordination with the breakers and it can lead to loss of reliability. 

The results obtained by integrating distributed production with different sizes and 

different buses on the system will be examined in detail in the following sections. 

 

Islanding Problem 

Islanding situation is explained in detail in EPRI White Paper Report about 

Integrating Distributed Resources into Electric Utility Distribution System (EPRI, 2001). 

Because of the importance of its content, a lot of studies done about islanding refer to this 

report. According to this, it can be said that islanding is a situation in which DER 

integration area is isolated from the utility grid and continues to feed the system load.  If it 

occurs, the system becomes at risk because it poses dangers for customers and system 

equipment. It can be unintentional or intentional depending on the control side of the 

system.  
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Islanding can damage system equipment and at the same time utility grid reclosing 

and it causes more danger to the public.  Also, it causes power outages that leave customers 

without access to power.  Islands may not provide proper voltage or frequency for 

connected loads, so this situation can threaten customer loads and utility equipment. 

Furthermore, controlling of system equipment become more complex and it affects power 

quality and life safety of customers. 

Figure 4.17 shows an example of an islanded system that includes a 3-MW 

Distributed Energy Resource (EPRI, 2001). 

 

 

Figure 4.17 Example of islanded system including DER 
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The result of the utility grid connection is a breakdown due to islanding, after a 

phase-to-ground fault if possible overvoltages occur in healthy phase. As a result of that, 

equipment insulation and life safety problems can be compromised. Besides, energy service 

restoration may be difficult and this causes exceeding the standard limits, such as reliability 

(Kazdaloğlu, 2006). 

To prevent islanding in installations of all DER plants, appropriate protection 

arrangements should be provided before integration. It is also possible to say, the islanded 

system can continue to be commissioned and operated with a distribution. However, for 

this structure, DERs should meet all the entire load only in the relevant region but the 

system must have the correct operating earthing system to be able to do required voltage 

regulation. When the energy in the utility distribution grid is restored, the island and the 

distribution grid must be synchronized to work.  

 

Synchronization Problem 

The use of automatic shutdown elements can lead to serious problems wherein 

distributed production is integrated. Also using both uncoordinated production units and 

inoperative closure system may damage consumers and system equipment.  

Systems with shut-off capability in the distributed production facilities connected to 

the grid are energized and it is made sure that the fault is removed. Also, the closure of the 

relevant interrupters in a system, in which synchronization conditions cannot be provided, 

will cause the production plant to be damaged in large scale. Considering this,  it is 

required to evaluate the prevention system structure and reclosing philosophy. 

ANSI/IEEE and other organization standards have to be used for surge withstand and 

other operating characteristics’ synchronization. During this period, much progress has been 

made to facilitate the growing market for using DER, and several standards are in place or in 

development. Just a few examples include:  
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 IEEE 929-2000, Recommended Practice for Utility Interface of PV 

Photovoltaic Systems  

 UL 1741 Inverters, Converters and Controllers for Use in Independent Power 

Systems  

 State Interconnection Requirements (NY, Texas, California, Vermont, other)  

 Ongoing Updates of Existing Utility Interconnection Guidelines  

 IEEE 1547, Standard for Interconnection of Distributed Resources with 

Electric Power Systems (currently in draft development stage) (Distributed 

generation and energy storage systems certified for compliance with the 

revised IEEE 1547 may become available as early as the 2019-2020 

timeframe.) (IEEE, 2018). 

 The most significant standard underway related to distributed-generation is 

IEEE 1547. 

Table 4.4 provides comparison of typical interconnection equipment used in DER 

applications (EPRI, 2001). 
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Table 4.4 Comparison of Typical Interconnection Equipment Used in DER Applications 
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Energy Quality 

Another negative factor that can be observed is the increase in harmonic distortion in 

the system situation. But, in case appropriate converter systems are used in the power 

generation resources side and essential active/passive measures are taken, harmonic 

distortion is not expected to be a major problem as it should.  

In this thesis, harmonic distortion calculations will be examined in detail in the next 

chapter. Harmonic distortion values were continuously measured during the system 

operation in the study. Also, harmonic distortions are considered to remain within the IEEE 

standard limits. 

Table 4.5 provides Harmonic Distortion Standards from IEEE 519. 

Table 4.5 Harmonic limits of IEEE 519 Standards 

 

However, another parameter of power quality is the "flicker" effect, especially when 

considering the variability of the source, it will be felt more in closer locations to the power 

generation unit.  

Therefore, researching the quality of energy in the smart grid connected with 

renewable energy sources is one of the goals of this thesis.  
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5. ELECTRIC VEHICLE GRID INTEGRATION 

There are various technologies available in conventional vehicles such as Electric 

Vehicles (EV) or Plug-In Hybrid Electric Vehicles (PHEVs) or All-electric Vehicles 

(AEVs). Differences in vehicle technologies depend on the charging power. AEVs include 

Battery Electric Vehicles (BEVs) and Fuel Cell Electric Vehicles (FCEVs).  

Vehicle technologies are developing due to ever-increasing environmental concerns 

and the rapid depletion of fossil fuels. In studies aimed at reducing vehicle emissions, it is 

usually focused on the EV's (Galus, 2010; Lund, 2008). But recent studies have observed 

that vehicles will reduce emissions to meet its energy needs from fossil fuels instead of 

electricity grid (Smith, 2010; Göransson, 2010). Furthermore, the widespread use of 

alternative and renewable energy systems among power plants providing electricity to the 

grid will further reduce emissions. 

In this study, effective working of DERs combining EVs is aimed within the 

modelled MG system. A rechargeable standard EV battery is connected and it was aimed to 

minimize the negative effect of extra battery on the energy quality of the network. 

The design details of the used model will be examined in detail in the next section. 

It is important to meet the demands of charging vehicles without new investments as 

much as possible. However, even the strength of just one EV which has the lowest power 

load is much higher than the load demand of a household.  

Researches have emphasized that the EV's will become widespread and depending on 

this, the charging power demand on the grid will reach great levels (OAK, 2008; Sioshansi, 

2010).  

In this case, it is imperative that an energy management algorithm be applied during 

charging of the EV so that the grid system can meet the load demand. Otherwise, the grid 

will require huge investments to meet these energy needs.  



87 

 

 

 

Many studies showed that it will be more economical to meet the charging energy 

requirement at night time, when the energy demand is much lower than peak hours instead 

of peak demand (Galus, 2010; Göransson, 2010; NREL, 2007; OAK, 2008; PNNL, 2007; 

Smith, 2010).  

However, it is important for car owners to meet their charging needs. Therefore, 

calculating the maximum amount of power that can be drawn from the regional charge 

points is important. In the vehicle model to be realized within the scope of the thesis, the 

charge demand is determined according to the information entered by hand from outside. 

This entered EV data is collected from the Pecan Street database. In this way, both 

designed vehicles will be prevented from overloading the network, and load demands of the 

vehicles will be met at the highest possible level. 

One highlighted issue in the literature is that EVs’ charge requirement is examined in 

terms of energy quality. DC / AC converters, which enable vehicles to exchange energy 

within the grid, are usually designed to provide solutions for energy quality problems and 

support the electrical grid (Su, 2010; Kısacıkoğlu, 2010; Zhang, 2008).  

The flexible design of DC/AC converters in this manner can make energy exchange 

within the grid in higher quality.  

Thus, in connection with the network, vehicles will become energy-quality solutions 

rather than loads that cause some energy quality problems.  

One of the factors that affect the life and capacity of the batteries is the charge and 

discharge currents. Depending on the charge-discharge control of the batteries, the charge 

discharge currents are one of the important factors affecting battery life and capacity. 

Currents drawn suddenly from the battery cause the batteries to warm up and damage the 

battery. In the case of sudden starting and sudden braking of the vehicles, current values are 

become high, in which case the batteries heat up, are damaged and cannot adequately meet 

the energy requirement of the load (Coleman, 2007; Cheng, 2009). 
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5.1 Battery Charging Methods 

Today, battery charging methods are divided into three groups. These charging 

methods are called Level 1, Level 2 and Level 3. Table 5.1 provides a basical comparison 

of charge types (Liu, 2001; VIRGINIAEV, 2018). 

Table 5.1 Comparison of charge types 

 

 

In daily life, we have usually more time in our homes and workplaces. The review 

shows that this period is over 6 hours.  

Naturally, vehicle owners leave their vehicles in parks during these times. Slow 

charging stations do not overload the electrical grid for long periods of parking. Level 1 

charge is also known as slow charge.  Single phase system at the level of the first charging 

station is used also as an energy source. It is situated in the charging element recharge type 

plug-in state. Level 1 charging stations do not have any power converter in the charging 

process. It only provides the communication between the vehicle and the grid to fulfill the 

pricing process (Boulanger, 2011; Haghbin, 2010). The single-phase current rating of these 
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stations is a maximum of 16 A in the standard. In these systems, the average power value 

varies between 1.4-3.5kW (EPRI, 2002). 

Level 2 charging is a medium-speed charging type. The parking times in normal 

charging stations are between 3 to 6 hours. These stations are placed where vehicle owners 

can park such as parking garages, shopping malls, cinemas, picnic areas. These stations 

have maximum 32 A and 250 V for single phase or 380 V for three phase of output values 

with the same current. The nominal power values of these types of charging stations range 

from 6 to 20 kW (DOE, 2008).  

In this type of charge, as well as the Level 1 charge, single phase systems are used as 

energy source and the charge elements are mounted as a tool. As mentioned before, Level 1 

and Level 2 charging stations only provide communication between the vehicle and the grid 

to fulfill the charging process (Boulanger, 2011; Haghbin, 2010). 

Level 3 charging is also known as fast charging. These systems, also referred to as 

Mode-3, are used where the energy requirements are urgently needed, at recreational 

facilities and where there is heavy traffic. In general, parking times can be less than half an 

hour. Fast charging stations are highly secure because they have to be manufactured with 

special protection elements. There are signal and control pins on both sides of the 

connection cables. At these stations, a maximum current level of 250 A can be reached. 

Also according to the IEC 61851-1, it is also allowed to go up to 400 A in the case of DC 

fast charge, which is called mode-4 in it.  However, the cost of DC charging stations is 

much higher compared to other charging modes. The average power values of the fast 

charging stations range from 50-240 kW (DOE, 2008). 

It is also true that, fast charging stations have a negative effect on battery life, but EV 

battery manufacturers are working to overcome this problem. Some manufacturers have 

reported that a battery with a capacity of 35 kWh will fill 90% of its capacity under 10 

seconds with a quick charger, and it continues its high efficiency operation even under 

these conditions (Shirk, and Wishart, 2015). 
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These three charging methods also form the types of charging stations. Each charging 

station cannot be installed in any residential unit because the system requirements are 

different. Table 5.2 shows evaluated location characteristics about the level of the charging 

station (VEIC, 2014). 

Table 5.2 Location attributes for EV Charging 

 

Besides, due to the reduction in the lifetime of the charge-discharge capacity of the 

battery in EV, producers plan to increase customer satisfaction by replacing the battery 

instead of charging. Therefore, in this thesis, battery charging applications have not been 

dealt with. 

This means that charging of EVs with stations, which are called “green charging 

stations”, using electric energy generated from sun, wind or hydrogen sources, will be done 

in an even more environmentally friendly way. Even though the works on green charging 

stations in the world are newer, it is possible to encounter many studies. For example; 

"Renewable Energy with Electric Vehicle Association" continues to work on green 
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charging stations. In addition, the "Solar Powered Charger Association of Electric 

Vehicles" in Germany is working on solar charging stations (Ayre, 2017). 

5.2 The Effects of Vehicles on Distribution Systems 

The financial and environmental problems that plagued the EV with the market are 

decreasing over time. However, along with having a large percentage of the transportation 

market in EV, it is likely to have some impact on the grid. 

In this section, the effects of EV’s that can be made to the energy distribution systems 

are examined. 

5.2.1 Phase Imbalance 

From the three-phase mains connection points, more power can be supplied as the 

requested power is dissipated, allowing rapid charging at this rate.  

However, the large-scale transformer systems and high-power charging equipment 

required for three-phase fast charging stations are costly and limited. Since the interface 

elements of single-phase systems are more practical and available everywhere, charge 

process comes to the fore in present. But, different amount of vehicle-charging occurring in 

different phases at the same time in the process results in imbalance of phase currents. 

Therefore, voltage instability and hence unacceptable levels of voltage drops and voltage 

imbalances may occur (Putrus, 2009). 

5.2.2 Power Quality Issues 

In general, AC voltage is used in the transmission and distribution of electricity. 

Because EVs use batteries, they require a DC voltage for energy storage.  

AC power is first converted to DC voltage by a power converter in EV charging.  The 

DC voltage is then used to charge the vehicle's batteries through a DC / DC converter. 

Harmonics are produced in each stage of this process (Jewell, 2002). 
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Propagation of loads with non-linear units such as inverters and battery chargers 

causes a significant increase in THD value and voltage distortion on the electrical 

distribution systems. These harmonics can cause many problems on the power system, 

including excessive neutral currents and overheating of transformers (Liu, 2001).  One of 

the objectives of this thesis is to examine these harmonics. 

5.2.3 Effects on Transformers 

With the spread of EVs, it is expected that they will have adverse effects on the life 

span of transformers due to the energy they will demand from the network. First, due to the 

increase in charge requirements, the load of the transformers and accordingly the 

transformers' heat will increase. This heat increase will also shorten the life of the 

transformer. 

 In contrast, the charging outside peak times results more uniform load profile, can 

reduce their daily expansion and contraction which occurs due to the transformer's 

temperature. This mitigates the amount of mechanical wear and tear of the transformer 

(Farmer, 2010). 

EV harmonics that occur due to charging units can also have negative effects on the 

infrastructure of distribution systems. Due to the harmonics, there is an increase in the eddy 

currents on the transformer's core, and there may be a decrease in the current-carrying 

conductor depth depending on the skin effect of the transformer windings. This increases 

the average temperature of the transformer. Power losses are also caused by means of this 

(Elmoudi, 2006).  

Apart from the increase in temperature and THD, the charging characteristics and the 

increase in the number of vehicles per transformer also reduces the life of the transformer 

(Maitra, 2009). 
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Also, when the AEV's market share rises above a certain rate, different peak points 

may occur due to different charging timings and will cause capacity strains in the 

distribution transformers. 

With the large penetration of EV’s  in the transport sector, the probability of 

occurrence will be very high as a consequence of the above mentioned problems. 

Researches are being done to solve these problems.  

The first method that comes to mind to avoid problems is to increase the capacity of 

existing distribution transformers and conductors. However, this solution is quite 

expensive. Therefore, in order to use the existing electrical system more effectively and 

taking the electricity consumption demand under control is more appropriate. Smart 

charging processes are important in terms of all the energy quality problems that EVs are 

likely to encounter with the grid and to optimally meet the charging process (Liu, 2012; 

Schewel, 2008). Smart charging processes require complex energy management algorithms 

(Galus, 2010; Garcia-Valle, 2013).  

Especially if the concept of an intelligent network is also considered, the only load to 

be managed is not EV's.  

Therefore, there is a need for a control system that takes into account all the loads in 

the system combining the EV's and the EV's ability to operate as a variable power charging, 

such as an uninterruptible power source (UPS) (Garcia-Valle, 2013). 

Another important factor is meeting the energy needs of EVs from renewable energy 

sources as much as possible.  

For this purpose, it is observed in the literature that a system that considers all these 

parameters and dynamically shaping the quality of energy, compatible with control and 

communication technologies, and at the same time allow to use DERs is lacking.  
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Along with having a large percentage of EV on the transportation market, it is 

possible that EV and PV will have some impact on the grid.  Mostly AC voltage is used in 

the transmission and distribution of electricity.  

In addition, the harmonic effects cause an increase in the RMS value of the current or 

voltage, as can be seen from Equation 5.1. This causes undesirably increase in current 

drawn from the grid. 

𝐼𝑅𝑀𝑆 = √𝐼1
2 + 𝐼3

2 + 𝐼5
2 + ⋯ + 𝐼𝑛

2 

(5.1) 

𝑉𝑅𝑀𝑆 = √𝑉1
2 + 𝑉3

2 + 𝑉5
2 + ⋯ + 𝑉𝑛

2 

The effect of the harmonics on a sinusoidal wave is indicated by THD. In case the 

grids current and voltage are AC, the THD values can be calculated as shown in Equation 

5.2. 

𝑇𝐻𝐷𝐼 =
√𝐼3

2 + 𝐼5
2 + ⋯ + 𝐼𝑛

2

𝐼1
 

(5.2) 

𝑇𝐻𝐷𝑉 =
√𝑉3

2 + 𝑉5
2 + ⋯ + 𝑉𝑛

2

𝑉1
 

Determining the effect of harmonic components on the devices in the grid is also 

important. The Crest Factor (CF) is the ratio of the peak value to the effective value 

(Equation 5.3).  

 𝐶𝐹 =
𝑉𝑀𝑎𝑥

𝑉𝑅𝑀𝑆
                                                                                                     (5.3) 
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Isolation strain, excess current, power failure of electronic devices, such as 

malfunction of the protection element breakdown are caused by high current and voltage 

peak values. For an effective transmission, Crest Factor should be close to approximately 

1.4 (i.e.  √2 ).  

Especially, in order to eliminate the negative effects of fast charging systems on the 

grid, several studies have been performed in the literature. De Freige et al. is a good 

example for that, who used the UC / Volan / Grid hybrid structure to reduce the excessive 

stress on the network elements (de Freige, 2011). 
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6. MICRO GRID SYSTEM MODELLING AND CALCULATIONS 

In the lighting with the use of DERs and the general information of EV connections, 

which have been examined in detail in the previous sections, it is the task of studying a 

system model capable of high-energy transmission and distribution in accordance with 

IEEE standards. For this purpose, PVs were selected as a renewable energy source and the 

results were obtained by applying the PLC communication method operated synchronously 

with the network elements in order to analyze the energy quality degradation effects in the 

electrical grid. 

According to these targets, firstly the PV model was designed and then the EVs 

which are the same with Pecan Street database were simulated in Matlab. Then the houses 

were designed with real time data available in the project of Pecan Street database and 

taken from the system in certain time periods, the results are compared and checked with 

the Pecan Street database, and finally design process of the micro grid system started. 

The difference between the thesis study and other similar studies is that the designed 

micro grid system can be used in conjunction with the 13 bus IEEE distribution system and 

can provide pure flow results of load with real-time consumption data. To ensure this, 

measurements were taken from almost every point in the system. In order to achieve an  

increase in the quality of transmitted energy and reduce losses in designed system, 

Simulated Annealing algorithm is used to control the system and measurement faults, and 

each step of the results is tested for correctness in comparison with the standards. The 

communication method used in thesis study is PLC. The efficiency of it for smart grid was 

discussed in our previous studies (Unsal, 2017). In that studies, since the energy degrading 

effects of the parameters on the PLC are known, an ideal PLC method is used, which has 

no attenuation or energy degrading effect in transmission. Parameters of line and other 

electrical devices are taken from IEC 61850 standards and compared with similar studies 

(Ustun, 2012). 
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The results of our simulation that present the benefits of distributed generation in our 

PV based system will be further elaborated and the parameters and electrical circuits used 

in the new system design will be explained detaily in this section. 

6.1 Modelling of Photovoltaics 

In recent, the rapid development of PV technology has caused many systems operated 

with solar energy to take their places in our daily lives (Akdemir, 2012). But, the major 

point in designing these systems that work with solar energy is to obtain an equivalent 

model. When equivalent model is obtained, an analysis of a solar model can be performed 

easily. 

There are various studies in literature about obtaining the equivalent model of the PV. 

In these studies, Matlab Simulink infrastructure is also used to simulate equivalent circuits. 

In such a study using the Simulink infrastructure, the PV model was introduced and 

the simulation of the PV module with Matlab was performed (Shen, 2008). 

In another study (Chatterjee, 2011) in which the PV model was implemented, the 

thevenin equivalent circuit of the current model was obtained and compared with the 

simple equivalent circuit. In a PV application study, a PV generator model was used in the 

design of a system fed by a PV generator (Arrouf, 2007). In another project, which 

developed a method for estimating PV parameters, a PV module simulation was performed 

(Carrero et al., 2011). The modeling of PV modules has also included the work of 

researchers designing hybrid systems (Da Silva, 2010; Uzunoglu, 2009). In these studies, 

hybrid modules such as fuel cell and solar cell were examined and PV module equivalent 

was used. In some studies based on solar radiation, the effect of solar radiation on the 

output power of the PV module has been investigated (Tsai, 2010; Pon Vengatesh, 2011). 

In another study, Pecan Street Project has the largest residential energy usage 

database in the world. From solar energy to electric vehicles and everything in between, 

they are showing the dynamics of a smart grid, in real-time, with real residents in multiple 
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cities across the US (Wogan, 2014). Apart from these studies, there are also studies on the 

modeling of PV generators in PV-fed systems (Tan, 2004; Villalva, 2009). In these studies, 

the electrical modeling of PVs has been investigated. 

According to Pecan Street Final Technology Performance Report at February 2015;  

“Solar Photovoltaic (PV) is the fastest growing form of DERs. With adoption of PV 

distributed generation (DG) on the rise, Pecan Street theorized that customer-sited DG 

would play a critical role in the smart or micro grids with a suite of potential benefits and 

challenges for the utility. Pecan Street’s research focused on two aspects of residential PV 

systems. 

 First, the project team investigated the optimal installation confguration that would 

maximize utility and customer benefits.  

Second, the project team analyzed the grid impacts of deployments of PV generation 

within neighborhoods. The project team theorized that deployments would result in 

minimal impact on utility grid infrastructure, and that west-facing Pecan Street Smart Grid 

Demonstration Project Technology Performance Report solar power generation would best 

align with peak energy demand, which occurs in Texas in the summertime between the 

hours of 4-7 pm.” 

So, this thesis has the same purpose with the second project group. In addition to this, 

the thesis study researches the impact of the electric vehicles which will be examined in the 

following section. In order to understand the behaviors and characteristics of solar PVs, an 

equivalent circuit consisting of well known elements with electrical characteristics is 

needed. Equivalent circuits, including simple and advanced solar cells, are included in the 

literature. However, in reality, solar cells are not ideal elements, and it is the cause the 

damage on the circuit. For this reason, losses are represented by resistance in PVs. 

The PV Array block implements an array of photovoltaic (PV) modules. The array is 

built of strings of modules connected in parallel, each string consisting of modules 
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connected in series. This model allows presetting PVs from the National Renewable Energy 

Laboratory (NREL) System Advisor Model (Johnson, 2001). The PV’s equivalent circuit 

given in Figure 6.1 has five parameters as current source IL (light-generated current), diode 

(I0 and nI parameters), series resistance RS, and shunt resistance RSH to represent the 

irradiance and temperature-dependent I-V characteristics of the modules. 

 

Figure 6.1 The equivalent circuit model of PV cell 

This model shown in Figure 6.1 is the commonly used equivalent circuit model for 

PVs; 

The current source IL indicates the current produced by the photons and the value is 

constant under constant radiation and temperature. The parallel RSH resistor is used to 

represent the leakage current and the series Rs resistor is used to represent the voltage drop 

at the output. The efficiency of photovoltaic conversion is sensitive to small variations in 

RS. However, it is not sensitive to changes in RSH. A small increase in RS significantly 

reduces the output of the photovoltaic module (Felten, 2006). With these parameters, 

maximum power and current curve of PV is given in Figure 6.2.  
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Figure 6.2 Maximum power curve for a solar cell (Mahela, 2013) 

 

Id = diode current (A) 

Vd = diode voltage (V) 

I0 = diode saturation current (A) 

nI = diode ideality factor, a number close to 1.0 

k = Boltzman constant = 1.3806e-23 J.K-1 

q = electron charge = 1.6022e-19 C 

T = cell temperature (K) 

Ncell = number of cells connected in series in a module 
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With the parameters given above, the I-V characteristics for a single PV module are 

defined by the equations 6.1 and 6.2. 

 

𝐼𝑑 = 𝐼0 [𝑒𝑥𝑝 (
𝑉𝑑

𝑉𝑇
) − 1]                                                                                                     (6.1) 

 

 𝑉𝑇 =
𝑘𝑇

𝑞
∗ 𝑛𝐼 ∗ 𝑁𝑐𝑒𝑙𝑙                                                                                                         (6.2) 

 

Also, Equation 6.3 can be considered to calculate the current & voltage from solar 

PV cell (Mahela, 2013). 

 

𝐼 = 𝐼𝐿 + 𝐼𝑂 ⌈𝑒
𝑞(𝑉+𝐼𝑅𝑆)

𝑛𝐾𝑇 − 1⌉ −
𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
                                                                       (6.3) 

 

According to this equivalent electrical circuit, in this study, a solar photovoltaic 

system is modeled on Matlab Simulink. The system is designed to provide 2.5 MW power. 

The developed model aimed that can be modeled with PVs in different features and powers 

in PV related works. Figure 6.3 is shown that designed solar photovoltaic model using 

Matlab. 
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Figure 6.3 Solar photovoltaic model designed with Matlab 

Signal definitions table for designing Matlab model are given in Table 6.1; 

Table 6.1 Signal definitions of designed model 

Signal Name Definition 

V_PV PV voltage (V) 

I_PV PV current (A) 

I_diode Diode current (A) 

Irradiance (W/m2) Irradiance (W/m2) 

Temperature (deg C) Temperature (degrees C) 

 

All the parameters of PV system are taken from Pecan Street project database. Also, 

parameters applicabilities of IEEE 1547 and IEC 61850 standards are checked. 
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6.2 Modelling of Electric Vehicles 

In this system, the Simulated Annealing algorithm not only recharges EV but also 

gives attention to active power constraints from the network operator at the same time. 

Concurrently, it tries to reduce the load on the transformer by limiting the reactive power 

drawn from the network at the connection point and  try to maintain the reactive power 

value from the network operator (this situation is limited by the standard values). Another 

data coming from the network is harmonic levels. According to these harmonic values, the 

sum of the harmonic currents produced by the consumption data from Pecan Street is given 

earlier in Eq. 5.2. Using the active and reactive power information, the amplitude of the 

current is calculated as in Equation 6.4. 

 

𝐼 =
√(𝑃2+𝑄2)+𝐷2

𝑉
                                                                                                                 (6.4) 

                                         

According to the “Charging electric vehicles disrupts power grids less than expected 

Report” analysis, EV models are Chevrolet Volts, Nissan Leafs and Tesla Model S used in 

the Austin region of Texas is the area where this thesis work focuses on (Pyper, 2013). The 

research for this work consisted of real-time electrical vehicle data from the huge database 

of Electrical Reliability Council of Texas (ERCOT) in the Pecan Street Project (ERCOT, 

2017). So, these vehicles consumption data are collected for a year from ERCOT database.  

The EV total consumption data, which were obtained from the selected area, have 

been examined. However, the important point to be noted is that the real data needs to be 

examined for 24 hours because as can be seen in Figure 6.4 that the use of EVs differs over 

different times (Chenjie, 2015). 
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Figure 6.4 Time setting for EV charge profiles of different users during a day 

When the results of the previously mentioned report is examined, it can be seen that 

Chevrolet Volts vehicles are used more frequently in homes because of their low cost, but 

Tesla Model S causes more harmonic current when connected to the grid because of its 

high performance (Pyper, 2013). 

This study aims to reach the highest harmonic distortion possible in the system to 

analyse its negative effects. With this purpose in mind, Tesla Model S 1 year consumption 

data was entered manually into the electric vehicle model designed in the Matlab Simulink.  

This vehicle model is chosen to try to see the highest harmonic effect on the system by 

connecting with the electric vehicle. 

All parameters of the EVs are available in the Pecan Street database (Dataport, 2017). 

 The Simulink software allows users to change the parameters of the system when 

they are designing or transferring the existed data to the digital domain (Mathworks, 2017). 

However, in order to do this, it is necessary to create a mathematical model of the system. 

Figure 6.5 shows the mathematical model that enables the entry of electric vehicle usage 

data collected from Pecan Street. 



105 

 

 

 

 

Figure 6.5 Simulink model used for collecting measurement data from Electric Vehicles 

The mathematical model given in Figure 6.5 also gives the inner structure of the 

block diagram as shown for EVs in the other Matlab figures.  

According to this mathematical model of the electric vehicle, the electric components 

together with the other components which will be explained in detail in the next section are 

co-operated and the effects on the network are examined.  

Figure 6.6 shows the Matlab diagram of the connection of electrical vehicles to the 

system. The distribution grid utility represents the grid and the houses are analyzed in detail 

in the next section. 
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Figure 6.6 Electric vehicle to grid connection designed with Matlab 

 

6.3 Modelling of Houses 

This study deals with micro grids in different groups to analyze the harmonic effects 

of using electric vehicles and houses together. All the houses’ consumption data are 

analyzed from the Pecan Street database and founded applicable houses which have exactly 

the same characteristics, same total square foot and same home appliances and sited on the 

same region. 10 houses were selected, which use only refrigerator, oven and air conditioner 

as home appliances, so that the effects of vehicle consumptions in the houses can be fixed. 

The reason for choosing refrigerator and oven as home appliances is that there is no house 

without refrigerator and oven in the region. Also the reason for choosing an air conditioner 

is about the subject on "electric grids are already stressed by air conditioning loads" in the 

Pecan Street 2013 report. The system is operated with electric vehicles and air conditioner 

at the same time intervals in the report (Pecan Street, 2014). For this purpose, air 

conditioning data were also added to the houses. Mathematical modeling is an important 

step for running the data collected from the database in the Matlab. The mathematical 

models of the designed houses are shown in Figures 6.7 and 6.8. 
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Figure 6.7 Mathematical modelling of house power distribution 

The data shown as Pgrid is the consumption data from Pecan Street and this is 

transferred to the grid by separating it into the current and voltage values together with the 

parameters taken from the same database. 

 

Figure 6.8 Calculating a phase current for each house 

The accuracy of the designed system was tested with the results from the 

measurement elements on the Matlab diagram which is shown below. Distributed power is 
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decomposed into current and voltage parameters, and the accuracy of the results is tested by 

turning it back to power value before it is transmitted to the grid. Figure 6.9 shows the 

measurement elements of a system in the system. 

 

Figure 6.9 Controlling the output scheme for a house 

The state of the houses before they were connected to the grid is shown in Figure 

6.10. Each house has an id number in the pecan street database and approved to provide 

real time data. 10 of these houses with the same features mentioned earlier are selected to 

be added to our micro grid, and the Matlab model of the houses which connected before to 

the grid is shown below. 

 

Figure 6.10 Matlab Model of 10 Houses which is the subject of this thesis 
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Household data will be analyzed in detail in the next section and the same EVs will 

be added on to these houses. Also, PVs will be added to different distribution situations on 

the houses where electric vehicles are added, and then the effects of these betting situations 

on the grid will be discussed. 

6.4 Modelling of 13 Buses Distribution System 

 

In this part of the work, real-time data will be run along with the parameters of 

standards. When the design of real time houses finished, a problem occurred about the 

distribution of houses. To calculate impacts of electric vehicle and photovoltaics on grid, 

communication technology is required for a transmission line to distribute power. The 

previous studies of the author of this thesis in references (Unsal, 2015; Unsal, 2016) can be 

referred for a detailed explanation about smart grid communication technologies. The result 

of that, when solving the attenuation challenge of PLC technology, it can be possible to 

reach a more effective communication. But in this thesis, harmonic impacts, and energy 

quality calculations are studied. Because of that, energy quality decreasing elements of 

communication are eliminated and an ideal power line communication technology is 

chosen because it has many advantages on transmission and IEEE standards can be easily 

applied to the technology.  Figure 6.11 shows general architecture of the PLC system 

(Unsal, 2015). 

 

Figure 6.11 General block diagram of power line communication 
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For improving these studies, our focus was directed to not only two buses but only 

micro grids having wider area. So, the PLC model parameters are taken from IEC 61850 

standards and the model is attached to a micro grid model with IEEE 13 Bus distribution 

system. With this study, some problems will continue to be solved and renewable sources 

need to be controlled in the future. Radial distribution data in this study are used to 

determine the best configuration that gives the maximum reduction of power loss. Standard 

IEEE 13 radial distribution system is simulated through Matlab for analysis in finding 

power loss and control strategies.  

 

Figure 6.12 IEEE 13 Node test feeder diagram (IEEEPES, 2000) 

Figure 6.12 shows the test system and Figure 6.13 shows Matlab scheme of radial 

distribution system with 13 buses. The real active and reactive power and variance of 

voltage in the system are simulated respectively. The minimum and maximum voltages are 

compared respectively. The initial power loss value and control strategies applications 

before and after DG inserted are set as base case study. By using the IEEE 13 bus system as 

a case study, it will determine the best reconfiguration of the system which indirectly 

reduces the loss. Renewables integration and controlling methods will be done in the next 

sections of the thesis. Load Flow algorithms for each bus will be examined carefully. IEEE 

13 node test feeder values are given in following tables (Table 6.2-6.10) (IEEEPES, 2000). 

646 645 632 633 634

650

692 675611 684

652

671

680
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Table 6.2 IEEE 13 Bus Test Feeder Values (Impedances) 

Configuration 601: 

 

Z (R +jX) in ohms per mile 
0.3465  1.0179   0.1560  0.5017   0.1580  0.4236 

0.3375  1.0478   0.1535  0.3849 

0.3414  1.0348 

 

B in micro Siemens per mile 

4.6658    0.0000   -0.8999 

0.0000    0.0000 
4.7097 

B in micro Siemens per mile 

6.2998   -1.9958   -1.2595 

5.9597   -0.7417 

5.6386 

Configuration 605: 

 

Z (R +jX) in ohms per mile 

0.0000  0.0000   0.0000  0.0000   0.0000  0.0000 

0.0000  0.0000   0.0000  0.0000 

1.3292  1.3475 

 

Configuration 602: 

 

Z (R +jX) in ohms per mile 

0.7526  1.1814   0.1580  0.4236   0.1560  0.5017 

0.7475  1.1983   0.1535  0.3849 

0.7436  1.2112 

 

B in micro Siemens per mile 

0.0000    0.0000    0.0000 

0.0000    0.0000 

4.5193 

 

B in micro Siemens per mile 

5.6990   -1.0817   -1.6905 

5.1795   -0.6588 

5.4246 

Configuration 606: 

 

Z (R +jX) in ohms per mile 

0.7982  0.4463   0.3192  0.0328   0.2849 -0.0143 

0.7891  0.4041   0.3192  0.0328 
0.7982  0.4463 

 

 

Configuration 603: 

 

Z (R +jX) in ohms per mile 

0.0000  0.0000   0.0000  0.0000   0.0000  0.0000 

1.3294  1.3471   0.2066  0.4591 

1.3238  1.3569 

 

B in micro Siemens per mile 

96.8897    0.0000    0.0000 

96.8897    0.0000 

96.8897 

B in micro Siemens per mile 
0.0000    0.0000    0.0000 

4.7097   -0.8999 

4.6658 

Configuration 607: 

 

Z (R +jX) in ohms per mile 

1.3425  0.5124   0.0000  0.0000   0.0000  0.0000 

0.0000  0.0000   0.0000  0.0000 

0.0000  0.0000 

 

Configuration 604: 

 

Z (R +jX) in ohms per mile 

1.3238  1.3569   0.0000  0.0000   0.2066  0.4591 

0.0000  0.0000   0.0000  0.0000 

1.3294  1.3471 
 

B in micro Siemens per mile 

88.9912    0.0000    0.0000 

0.0000    0.0000     

0.0000 
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Table 6.3 Overhead Line Configuration Data 

Config. Phasing Phase  Neutral  Spacing 

  ACSR ACSR ID 

601 B A C N 556,500 26/7 4/0 6/1 500 

602 C A B N 4/0 6/1 4/0 6/1 500 

603 C B N 1/0 1/0 505 

604 A C N 1/0 1/0 505 

605 C N 1/0 1/0 510 

 

Table 6.4 Line Segment Data 

Node A Node B Length(ft.) Config. 

632 645 500 603 

632 633 500 602 

633 634 0 XFM-1 

645 646 300 603 

650 632 2000 601 

684 652 800 607 

632 671 2000 601 

671 684 300 604 

671 680 1000 601 

671 692 0 Switch 

684 611 300 605 

692 675 500 606 
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Table 6.5 Transformer Data 

 kVA kV-high kV-low R - 

% 

X - % 

Substation: 5,000 115 - D 4.16 Gr. Y 1 8 

XFM -1 500 4.16 – Gr.W 0.48 – Gr.W 1.1 2 

Table 6.6 Regulator Data 

Regulator ID: 1   

Line Segment: 650 - 632   

Location: 50   

Phases: A - B -C   

Connection: 3-Ph,LG   

Monitoring Phase: A-B-C   

Bandwidth: 2.0 volts   

PT Ratio: 20   

Primary CT Rating: 700   

Compensator Settings: Ph-A Ph-B Ph-C 

R - Setting: 3 3 3 

X - Setting: 9 9 9 

Volltage Level: 122 122 122 

 

Table 6.7 Distributed Load Data 

Node A Node B Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 

  Model kW kVAr kW kVAr kW kVAr 

632 671 Y-PQ 17 10 66 38 117 68 
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Table 6.8 Underground Line Configuration Data 

Config. Phasing Cable Neutral Space ID 

606 A B C N 250,000 AA, CN None 515 

607 A N 1/0 AA, TS 1/0 Cu 520 

 

Table 6.9 Capacitor Data 

Node Ph-A Ph-B Ph-C 

 kVAr kVAr kVAr 

675 200 200 200 

611   100 

Total 200 200 300 

 

Table 6.10 Spot Load Data 

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 

 Model kW kVAr kW kVAr kW kVAr 

634 Y-PQ 160 110 120 90 120 90 

645 Y-PQ 0 0 170 125 0 0 

646 D-Z 0 0 230 132 0 0 

652 Y-Z 128 86 0 0 0 0 

671 D-PQ 385 220 385 220 385 220 

675 Y-PQ 485 190 68 60 290 212 

692 D-I 0 0 0 0 170 151 

611 Y-I 0 0 0 0 170 80 

 TOTAL 1158 606 973 627 1135 753 
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Figure 6.13 Matlab Simulink 13 bus scheme 

 

6.4.1 Power-Flow Results 

Power Flow results are calculated carefuly and the accuracy of the results is 

compared with the IEEE 13 bus distribution system power flow results. Power flow 

results of the designed system can be seen in Appendix A. Also load flow results can be 

obtained with power flow and can be seen in Appendix B.  The fact that these results 

can be taken correctly shows that the system works smoothly.                                                     
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6.5 Simulation Studies 

In this section of the study, a smart system is proposed with renewables designed 

for optimal placement and sizing of multi distributed grid with 13 bus system. This 

study is aimed to efficiently minimize the total power loss, the variance of voltage, 

improve the voltage profile and quality of energy satisfying transmission line limits and 

constraints.   

In order to understand the working principle of the photovoltaics' distribution 

system, PV has been integrated into the system from different and several power 

sources. Afterwards, the renewables are integrated on the designed Simulink model with 

PLC technologies. Simulation studies run on Matlab Simulink. Results are concluded 

with different PV connections and all the parameters of devices are changing on 

different simulations. 

Case 1 

 

Figure 6.14 100kW PV connected with IEEE 13 bus distribution system 
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The first case is the operation of a single PV of 100kW with 13 bus system as 

shown in Figure 6.14. The 634
th

 bus is chosen at random. Irrediance value is given 

1000W/m
2
 and temperature value is 25

0
C for all the simulations. I-V characteristics and 

simulated power results of PV can be seen in Figures 6.15 and 6.16. 

 

Figure 6.15 I-V characteristics curves of 100kW PV 

 

 

Figure 6.16 Simulation results for the 100kW PVs 
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Case 2 

 

Figure 6.17 250kW PV connected with IEEE 13 bus distribution system 

The second case is run with a single PV which has 250kW capacity on 13 bus 

distribution system shown in Figure 6.17. Simulated power results and I-V 

characteristics of PV can be seen in Figures 6.18 and 6.19. 



119 

 

 

 

 

Figure 6.18 I-V characteristics curves of 250kW PV 

 

Figure 6.19 Simulation results for the 250kW PVs 

But after the simulation runs, to decrease distortion effects which are caused by 

non-linear elements, PV connection point is may be important. To understand 

connecting point effect, PV is connected to different buses in the next section, power 
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flow results are taken for both situations but cunsomer data is needed to achieve real 

time results.  

The PV is connected to the transformer side of the non-linear power source at the 

634
th
 bus at this time. The reason for selecting this bus is that there will be no need to 

change the other parameters of Simulink model.  The results were obtained for two 

different situations. First one has a single PV unit with 400 kW power capacity 

connected to the same bus on the grid and the other one has four separated PVs with 

100 kW power capacities. The result of this study shows that, it yielded the same results 

for both situations on system. This result also shows that we can combine PV data 

linked to the same bus from different houses in the future and think of it as a single PV 

connection. The harmonic effects can be easily calculated by the current, voltage and 

total power values obtained from the simulation results. 

Case 3  

 

Figure 6.20 400kW PV connected with IEEE 13 bus distribution system 
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As shown in Figure 6.20, when the 400 kW power is obtained from the same bus 

by providing 4 photovoltaics of 100 kW with the same characteristics, the results of 

current-voltage graphs are shown in Figures 6.21 and 6.22. 

 

Figure 6.21 I-V characteristics curves of 400kW PV 

Since the PV parameters are selected the same, the I-V characteristics of the four 

PV's are the same. However, the irradiance sampling times of the PVs were chosen as 

shown below, so that we can better observe the power charts. And the colors are given 

as PV1 – yellow, PV2 – magenta, PV3 – cyan, PV4 – red. 

 

Figure 6.22 Simulation results of the number of four PVs 
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It is shown that in the Figure 6.23, the photovoltaics of the same property is 

applied to the system at different sampling times. 

 

Figure 6.23 Block parameters of a number of four PVs 
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Figure 6.24 Simulation results of power values of four PVs 
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It can be seen in the Figure 6.24 that the PVs provide equal current and voltage 

values. Since all desired harmonic values can be calculated using I, V and P values, it is 

enough to examine these values at this stage of the design. However, PVs are always 

connected to the bus on the same side of the transformer that is why we want to connect 

the transformer with PV; there will be no other changes to the Simulink model. 

Therefore, to examine how PVs connected from different buses will affect the overall 

system, whether there is a substantial drop in the system and how it interacts with 

electric vehicles; a new microgrid model has been designed. 

100KW, 250KW, and 400KW PVs are connected on the IEEE 13 bus model, 

transformer parameters and simulation variables changed for each model, the powergui 

mode is changed to the applicable mode of this simulation and load flow results are 

taken and evaluated with frequency effect. All the simulations are run on ode23tb and 

robust with 1e-4 tolerance and the frequency is taken 60Hz. Transformer parameters 

and the other loads variables are changed which depend on the photovoltaic capacity for 

each model, powergui mode is changed to applicable mode of this simulation. 

6.6 Modelling of Microgrid Design and Power Quality Equations 

The recent developments in technology and the growing concerns for global 

warming motivated engineers to research for more efficient systems. In order to 

decrease the impacts of fossil fuel based generation on the environment, the new vision 

is to generate electricity from cleaner energy sources sited closer to the consumption 

areas. Consequently, the power industry is moving towards MG which may consist of 

renewables such as solar systems (Önen, 2017). This also decreases the burden on 

transmission lines which already operates close to their limits. 

In this section, MG was designed that contains renewable resources and real 

customers to examine power quality and the effects of the use of DERs on DG. When 

designing a MG, what should be considered is how to respond to the real-time usage 

data of the design that runs without any problem in the simulation. For this purpose, the 

attention  given to design the elements in the MG must be compatible with the IEEE  
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and IEC specifications. Also, PV parameters effect on grid is clearly understood and all 

tha data are collected from the Pecan Street , and then  the MG design is started with 

this attentions as linear and non-linear elements must be applicable with IEEE 519  

(IEEE, 1993; 2016)  and transmission line parameters must be applicable with IEC 

61850 Standards (IEC, 2010; Roostaee, 2011). The designed system infrastructure in 

block diagrams is shown in Figure 6.25 and each part of it İS examined following in 

detail. 

 

Figure 6.25 Micro grid system general infrastructure 

The generator block represents the utility grid, substation transformers used in 

design and distribution system block represents 13 bus IEEE distribution system. 

Houses, EVs and PVs designes are mentioned before and examined detaily. Also during 

the designing process, all steps were taken to ensure that all other parameters met the 

standards.   

According to the general system infrastructure, MG Matlab model is designed and 

connected with IEEE 13 bus distribution system, and then PVs are added with different 

situations to reach best quality of energy to understand the aim of this thesis. Texas 

Austin University and Pecan Street project data are used for the simulation and the  
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design is performed in regard to IEC 61850 Standard parameters to simulate with 

Matlab.  

In an effort to standardize the communication methods and the data to be 

communicated, the IEC 61850 standard was issued by International Electrotechnical 

Commission (IEC). Furthermore, this standard has been extended with IEC 61850-7-

420 for the modeling of DER based generators. Also, IEEE standards for distributed 

energy resources parameters are used (IEEE, 1993).  

MG model is designed to collect real time house data with distribution and 

transmission parameters which are based on IEC 61850 standards. Three phase PI 

section line is used to distribute power and energy from three phase source to 

neighborhood. All steps of transmission and distribution are measured with three phase 

measurement devices to make break controlling possible. Rest of the system is designed 

for overload status when it needs. The neighborhood is designed for 10 houses but it can 

be increased in future works. 

 

Figure 6.26 Satellite image of micro grid model in real usage region 
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Although DERs has recently become irreversibly popular, there are some serious 

challenges for the large scale integration to the utility grids. Figure 6.26 shows the real 

satellite view of this study working region. In this region and in the interconnection of 

DER based MG systems to such networks inevitably changes the characteristics of the 

system and presents key technical challenges which were previously unknown to grid 

operators and power engineers. Moreover, DER systems also make contributions to the 

fault currents around the network. Hence, in case of a fault, the characteristics of the 

grid become completely different. These are only a few of the issues that have arisen in 

relation to the revolutionary changes occurring in the grids and the way they are 

operated. 

 To this end, the communication infrastructure based on IEC 61850 has been 

implemented in MATLAB/Simulink Environment and also all the standards are applied 

on all the parameters of the design. The developed system’s final Matlab model design 

is shown in Figure 6.27. 

 

Figure 6.27 Designed Micro Grid Simulink model 
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The new relay and DG models with communication modules will be modeled and 

implemented in MATLAB/Simulink. The utilized models are very versatile and can be 

used in modeling different micro grids. Houses can provide us real time data to analyse 

different calculations in the model.  

In the designed MG systems neighborhood block, 10 real houses are integrated 

that provide real time measured data which was obtained from Pecan Street Project. It 

was noted that the houses have the same behaviors such as total square foot and the 

number of electric devices they had, also the use of same model electric vehicles (EV). 

Each house is Single-Family Home in the same region, Austin, Texas, USA.  

This study aims to reach how DER can affect the power quality in the case of EV 

consumption. Therefore, measured data is used for the calculations in power quality.  

The system is designed in Matlab, 10 real houses are connected as a load of MG 

and the power quality effects will be examined when DER is added. The designed 

scheme can be seen in Figure 6.28. 

 

Figure 6.28 A part of MG system with a number of 10 real-time houses 

 



129 

 

 

 

This system is designed to achieve best power transmission and distribution 

results with best power quality. In distribution part, IEEE 13 bus system, which was 

designed in the previous section, has been modified to work with MGs which is shown 

in Figure 6.29. The IEEE standard requires that distributed generation sources should 

not take an active role in voltage regulation (IEEE, 1993). So, synchronous generators 

with power control are used in the system. 

 

                       Figure 6.29 Modified IEEE 13 bus distribution system 

DERs have potential to reduce the overloads on the transmission lines, strengthen 

the power quality, make the electric network more stable, and do not supply reactive 

power to the system. In cases where the synchronous generator is used, voltage and 

power coefficient control mode can be used for control. For this reason, simulations are 

run by holding 1 pu for voltage and 1 pu for power component. The following equations 

have been used to reach the power quality results in the system. Computations were 

repeated for each bus by using the Simulated Annealing algorithm in Matlab 

(Henderson et al., 2003). 
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In the examination of power quality, the effect of harmonics is one of the most 

important points. The harmonic distortion (HD) in the distribution system occurred with 

the result of harmonic components, especially increased by the number of used power 

electronic elements. The MG is designed in our system is defined as a harmonic load 

and connected to the network. DERs are integrated into the system in different states 

and harmonic effects, THD and crest factor changes are calculated as mentioned before. 
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1

2

2)(

I

I
THD

n n

I





                                                                                                  (6.6) 

 

THD Index in Load Bus; 

nW           :  Weight Factor at n.th Bus 

K            :  Number of Load Bus 

nTHD     : THD Index at n.th Bus 
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After the indices of the buses in the system are calculated one by one, DER effect 

in these indices can be found; 
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Voltage Change Index; 

DERNOVAD _
 : Voltage amplitude of the bus before the DER. 

DERVAD        : Voltage amplitude of the bus after DERs are integrated. 
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The system is designed in accordance with the smart grid infrastructure and 

supplied with distributed generation facilities and conventional distributed energy 

sources. It is aimed to develop our model in future studies to isolate the fault from the 

system after a possible break and try to change the communication methods of the data 

carrier transmission line. In this study, it is aimed to prevent the customers from being 

non-energized by using DER. 

Harmonics must be limited to specific standards when problems which occurred 

by the results of HD in the distribution grid can be eliminated. 

 Table 6.11 shows the THD limits in IEEE 519 standards (IEEE, 1993). It is 

extremely necessary to limit the THDs to the standards in terms of reducing the 

additional losses which harmonics create in the system when using the elements in the 

system at full capacity (Henderson et al., 2003)  
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Table 6.11 Voltage distortion limits for harmonics 

Bus Voltage Individual Vb (%) THDV(%) 

V<69kV 3.0 5.0 

69≤V≤161kV 1.5 2.5 

V≥161kV 1.0 1.5 

 

In order to operate the MG system and to be able to calculate the power quality, 

the EV total consumption data, which were obtained from the houses, have been 

examined. However, the point to be noted is that the real data needs to be examined for 

24 hours because as can be seen in Figure 6.4 that the use of EVs differs over different 

times (Chenjie, 2015). 

In order to use in power quality calculations and to avoid errors in real-time 

simulations, it was first reviewed monthly to find the highest load demand at the end of 

the transmission. Electrical daily demands researched for this work consist of real 

measured data from the huge Electrical Reliability Council of Texas (ERCOT) in 

database.   

Measured data are collected for 10 houses from a cluster of single-family 

households located in north Texas during a year between May 2016 and May 2017 and 

shown in the Figures 6.30-6.39. 
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Figure 6.30 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 1 

 

 

Figure 6.31 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 2 

 

 

Figure 6.32 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 3 
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Figure 6.33 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 4 

 

 

Figure 6.34 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 5 

 

 

Figure 6.35 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 6 
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Figure 6.36 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 7 

 

 

Figure 6.37 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 8 

 

 

Figure 6.38 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 9 
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Figure 6.39 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 10 

 

 

Figure 6.40 1 May 2016- 1 May 2017 car and grid total consumption graphs for House 11 

 

Figure 6.40 shows that the house has EV but not in usage for this time range, so 

this graphical figure show only grid consumption data.  

Then EV usage of these houses is compared for each month for 12 months with 

the purpose to find out which month the houses was used more. Total consumption 

graphs for 10 houses with IDs are given in Figures 6.41-6.53. 
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Figure 6.41 Total consumption graphs for 10 houses for May 2016 

 

Figure 6.42 Total consumption graphs for 10 houses for June 2016 
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Figure 6.43 Total consumption graphs for 10 houses for July 2016 

 

Figure 6.44 Total consumption graphs for 10 houses for August 2016 

 

 

Figure 6.45 Total consumption graphs for 10 houses for September 2016 
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Figure 6.46 Total consumption graphs for 10 houses for October 2016 

 

Figure 6.47 Total consumption graphs for 10 houses for November 2016 

 

 

Figure 6.48 Total consumption graphs for 10 houses for December 2016 
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Figure 6.49 Total consumption graphs for 10 houses for January 2017 

 

 

Figure 6.50 Total consumption graphs for 10 houses for February 2017 

 

 

Figure 6.51 Total consumption graphs for 10 houses for March 2017 
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Figure 6.52 Total consumption graphs for 10 houses for April 2017 

 

Figure 6.53 Total consumption graphs for 10 houses for May 2017 

When the data is simulated for a year, a memory deficiency problem occurred in 

Matlab. Because there is a huge memory request to process the hourly data per year. For 

this reason, one year data was analyzed and the result is that the month of September 

has the biggest value of consumption. 

Then hourly data were simulated for a month and memory deficiency problem 

occurred again. To solve it, a time period of 10 days was selected in the month of 

September, during which the EV charge is heaviest.  Figure 6.54 shows the EV usage 

statistics of 10 houses in a period of month on the illustrated chart. 
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In this way, the purpose of classifying data is to remove consumer profiles to 

avoid time loss and unnecessary computation, while at the same time the Matlab limits 

the calculation of very large data such as much software to protect data accumulation 

and system crashes during computation. 

 

Figure 6.54 Power consumption measured data for 10 houses during a year 

 

Figure 6.55 Power consumption measured data for September 2016 

Then, in order to see the peak level of photovoltaic use in the same area, PV usage 

data for the same date range started to be collected from 10 houses selected randomly in 

the same area not using EVs. In order to do this, pecan street households using PV that 

do not use EV were found one by one, and the usage statistics of 153 houses in the same  
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area in our study area was examined and tried to find the period where PV was used the 

most. It is expected to PV usage to be higher in summer, which sun is shining much 

more. Figure 6.55 shows results of power consumption of PVs used in the system in 

September. The graphs of 1-year PV usage of 10 randomly selected houses are shown in 

Figures 6.56 - 6.65. 

 

 

Figure 6.56 Generated power from PV on House 1 between May 2016 and May 2017 

 

 

Figure 6.57 Generated power from PV on House 2 between May 2016 and May 2017 
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Figure 6.58 Generated power from PV on House 3 between May 2016 and May 2017 

 

Figure 6.59 Generated power from PV on House 4 between May 2016 and May 2017 

 

Figure 6.60 Generated power from PV on House 5 between May 2016 and May 2017 
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Figure 6.61 Generated power from PV on House 6 between May 2016 and May 2017 

 

Figure 6.62 Generated power from PV on House 7 between May 2016 and May 2017 

 

Figure 6.63 Generated power from PV on House 8 between May 2016 and May 2017 
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Figure 6.64 Generated power from PV on House 9 between May 2016 and May 2017 

 

Figure 6.65 Generated power from PV on House 10 between May 2016 and May 2017 

If the graphs are examined, it can be easily seen that the most PV usage is in the 

month of September. This result is confirmed by the US Annual Seasonal Climate 

Normals and Monthly Climate Normals reports on the Pecan street database 

(Pecanstreet, 2010).  

As the aim of the work is to visualize the times when the harmonic effects of the 

grid are biggest, it will be tried to analyze the transmission results with the highest PV 

power integrated into the system when the highest EV connected into the grid.  
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The line parameters which were used in the system as the load and transmission 

line data are given in Table 6.12 and Table 6.13 (IEEEPES, 2000) . 

 

Table 6.12 Load and Transmission Data 

 Spot Load Data 

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 

 Model kW kVAr kW kVAr kW kVAr 

634 Y-PQ 160 110 120 90 120 90 

645 Y-PQ 0 0 170 125 0 0 

646 D-Z 0 0 230 132 0 0 

652 Y-Z 128 86 0 0 0 0 

671 D-PQ 385 220 385 220 385 220 

675 Y-PQ 485 190 68 60 290 212 

692 D-I 0 0 0 0 170 151 

611 Y-I 0 0 0 0 170 80 

 TOTAL 1158 606 973 627 1135 753 

Line Segment Data 

Node A Node B Length(ft.)Config. 

632 645 500 603 

632 633 500 602 

633 634 0 XFM-1 

645 646 300 603 

650 632 2000 601 

684 652 800 607 

632 671 2000 601 

671 684 300 604 

671 680 1000 601 

671 692 0 Switch 

684 611 300 605 

692 675 500 606 

 

 

Table 6.13. Transformer Data 

 

kVA kV-high kV-low R - % X - % 

Substation: 5,000 115 - D 4.16 Gr. Y 1 8 

XFM -1 500 4.16 – Gr.W 0.48 –Gr.W 1.1 2 
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The active power of our MG system, which is connected with a number of 10 

houses, was calculated as 10.552 MW and the results were also measured and approved 

in the simulation. Then, on an ideal micro grid, 25-30% of the system's total power 

needs to be met from distributed energy resources (Chowdhury and Crossley, 2009), 

PVs which have 2.5 MW power capacity connected to the grid and working with real-

time EV data and the house data is entered into the system and an ideal MG system 

which has capable of real-time operation is created. 

This MG system is interconnected with the IEEE 13 bus system limited with the 

standards and power quality indices and crest factor values are calculated for each bus 

in Matlab. Then power quality calculations were analyzed for all cases to analyze the 

effects of PV integration and results in three different situations in the following 

section.  

6.7 Results and Discussion 

In this study, three different scenarios were considered and the situation of the 

system was evaluated under these conditions (Unsal, 2017).  Test system, system data, 

harmonic load data are taken from relevant standards (IEEE, 1993). The harmonic load 

is connected to the B671 called B7 bus and the current values are determined by Matlab 

by load flow and harmonic analysis is done.THD and HD indices are calculated with 

voltage values for certain buses and for certain lines. The process of reducing these 

values and bringing them closer to the specified standards has been done by connecting 

the DER resources to the system in various parameters and also shown by graphes and 

tables. The reason for using DER in different parameters is to find out how THD 

influences the voltage and current values of HD and to obtain the best site, power and 

being singular or distributed of the distributed production source. The different 

situations mentioned are evaluated as follows. 

Base 

There is no DER connected with the houses. 
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Case 1 

The system is supplied with one synchronous generator and 10 PV units each with 

a power of 250kW were connected to houses. The short distances between the houses 

were neglected. In this case, it is assumed that a PV power of 2.5 MW connected to the 

634 bus. Simulations are run for 24 hours because the usage data of the consumers in 

the grid, that is the houses, are real-time. 

Case 2 

The system is supplied with one synchronous generator and 5 pieces of PV plant 

each with a power of 0.5 MW distributed from 634, 645, 675, 680, 684 buses. 

Simulations are run for 24 hours because the usage data of the consumers in the 

network, that is the houses, are real-time. Figure 6.66 shows an overview of the system. 

 

Figure 6.66 Illustration view of Case 2 
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Case 3 

The system is supplied by one synchronous generator and one 3 MW of PV 

connected to a 675 bus which is farther from the entrance bus of the house. 

As mentioned before, DERs are generally assumed to be around 25 or 30 percent 

of the system load (Chowdhury and Crossley, 2009). 

Designed system has a calculated active power of 10.552 MW, and the distributed 

energy required to be connected has 2.5-3 MW capacity because of the previously 

mentioned rule. 

The values of the effect of THD and CF on the work done for different situations 

are shown in Table 6.14, and these values are calculated using Equation (6.5) and it also 

shows the percentages of the reduction of THD in the system after DER connections. 

For three cases, the THD and CF results are shown in Table 6.14. Also, the 

graphical illustration is given in Figures 6.67 and 6.68.  
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Table 6.14 THD values for different situations and change percentages relative to the base, and CF 

results 

Bus 

THD (%) (Voltage) THD (%) (Voltage Fluctuation Index) CF (V) 

Base Case1 Case2 Case3 Case1 Case2 Case3 Base Case1 Case2 Case3 

B1  2,49  1,48  1,86  1,88  44,25331232  21,78564263 14,45685526  3,741 2,449 2,851 2,923 

B2  2,45  1,46  1,83  1,85  44,96247844  22,22154558 14,54758651  3,738 2,445 2,845 2,912 

B3  2,42  1,49  1,85  1,91  44,78859658  22,12564856 14,54215487  3,733 2,45 2,852 2,928 

B4  7,79  4,51  6,49  7,31 49,35463378  17,58469764 8,356245865  5,934 1,778 2,265 5,654 

B5  0,26  0,19  0,22  0,23  47,75548565  21,84576582  13,78547856  1,958 1,921 1,935 1,946 

B6  2,42  1,49  1,85  1,9  44,78859658 22,12564856 14,54215487 3,733 2,451 2,852 2,927 

B7  0,28  0,25  0,26  0,13  39,52535172  27,2546858  13,55478546  1,965 1,935 1,937 1,845 

B8  2,42  1,43  1,74  1,92  44,98113208  28,88679245  14,45658456  3,731 2,424 2,84 2,929 

B9  2,42  1,49  1,85  1,89  44,78859658 22,12564856 14,54215487 3,733 2,451 2,852 2,927 

B10  2,45  1,45  1,65  1,88  41,86046512  27,44186047  14,13721409  3,739 2,441 2,841 2,925 

B11  2,42  1,47  1,83  1,92  44,88845265  22,22053558  14,56546214  3,732 2,448 2,845 2,921 

B12  2,47  1,46  1,88  1,9  44,77859658 32,94562145  14,65482563  3,74 2,445 2,843 2,92 

B13  2,42  1,43  1,83  1,78  44,65248568  27,12547843  14,57924528  3,73 2,424 2,842 2,908 

* Values shown in red are outside the IEEE limits. 
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The decrease in THD after DERs are connected to the system can be displayed 

obviously in the table values and in the figures below. 

 

Figure 6.67 Voltage (THD) (%) of the 13 bus system for different situations 

 

 

Figure 6.68 Crest Factor results of 13 bus system for different situations 
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When the DERs are placed near the non-linear load in the system, the maximum 

decrease is achieved. But, when the same power is distributed by dividing and 

separating into 5 different buses, the harmonic voltage distortions also decrease. 

However, when the power of singular DER increased and connected close to the micro 

grid, harmonic reductions have been observed in the system, but in this case, the 

obtained values cannot reach the desired standard range.  

CF behavior has the same characteristics as THD. The best results are achieved 

when it approached 1.4. 

On the test system, both close to the main grid and close to the harmonic source 

and the DERs sited number of B611, B634, B646, B650, B671, B680 buses and the 

most significant odd voltage harmonics which are H5 (Fifth Harmonic), H7 (Seventh 

Harmonic), H11 (Eleventh Harmonic) shown in Table 6.15 in comparison with the 

above cases.  

Table 6.15 Voltage harmonic distortions of buses placed closer the grid and DERs 

 
Base Case 1 Case 2 Case 3 

 

HD_ 

V5 

HD_ 

V7 

HD_ 

V11 

HD_ 

V5 

HD_ 

V7 

HD_ 

V11 

HD_

V5 

HD_ 

V7 

HD_ 

V11 

HD_ 

V5 

HD_ 

V7 

HD_ 

V11 

B611 0.087 0.041 0.004 0.062 0.043 0.013 0.08 0.042 0.005 0.084 0.052 0.004 

B632 0.081 0.035 0.004 0.051 0.032 0.003 0.07 0.03 0.004 0.074 0.041 0.003 

B634 6.486 3.135 3.004 3.254 1.932 1.855 5.12 2.564 2.456 6.457 2.745 2.814 

B646 0.078 0.032 0.003 0.048 0.029 0.002 0.06 0,02 0.003 0.063 0.032 0.002 

B671 2.121 1.122 0.215 1.071 0.699 0.196 1.35 0.915 0.121 1.541 1.125 0.158 

B680 2.307 1.373 0.545 1.454 0.898 0.278 1.46 1.117 0.311 1.758 1.252 0.324 
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As Table 6.15 suggests, when DERs are placed near the non-linear load in the 

system and singularly, the maximum decrease in HD_V values and the harmonic 

voltage distortions decrease again when the same power distribute with 5 buses. But 

when the power increases a little and connect a single load to the bus close to the grid, 

harmonic reductions are observed in the system. But in this case, HD_V values can not 

stay in the standard range. The values given for the three cases in that table are shown 

graphically in Figure 6.69. 

 

Figure 6.69 Voltage harmonic distortions for three cases 

 

However, the current harmonics are examined  near the lines and the generators, it 

is seen that the most significant odd current harmonics in the lines are higher than the 

grid side as the line current is higher on the generator side.  
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In addition, when the DERs are connected to the bus where the nonlinear load is 

connected, it is determined that the current harmonics are decreased and shown 

numerically in Table 6.16. 

Table 6.16 Current harmonic distortions of grid and generator side for different situations 

Line 650-632 Base Case 1 Case 2 Case 3 

Line Current(A) 78,75 78,58 78,36 78,25 

HD._I5 (%) 10,785 9,865 11,655 13,254 

HD._I7 (%) 4,546 4,578 6,154 7,547 

HD._I11 (%) 0,54 0,56 0,654 0,755 

THD._I (%) 10,886 10,116 13,456 15,454 

Line 633-634 

    

Line Current(A) 54,76 35,45 35,31 31,54 

HD._I5 (%) 2,99 2,121 2,147 2,245 

HD._I7 (%) 0,335 0,215 0,341 0,354 

HD._I11 (%) 0,154 0,098 0,124 0,145 

THD._I (%) 3,11 2,456 2,874 2,871 

 

Finally, the system's voltage profile is also examined for all the scenarios. Load 

flow analyzes were performed in the system to compare the conditions before and after 

DER is connected and voltage profiles and voltage change indices are presented in 

Table 6.17. 
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Table 6.17 Voltage Change Indices for Three Cases 

 

Bus 

Voltage Profile Voltage Fluc. Prof. Index(%) 

Base Case1 Case2 Case3 Case1 Case2 Case3 

B650  1 1 1 1 0 0 0 

B632 0,9972 0,9991 0,9994 0,999 -0,19 -0,22 -0,27 

B633  0,9986 0,9997 0,9993 0,9996 -0,07 -0,21 -0,1 

B634 1,0031 1,0172 1,0181 1,0178 -0,4 -0,5 -0,47 

B645 0,999 1,0021 1,0058 1,0024 -0,31 -0,59 -0,25 

B646  0,9954 0,9965 0,9978 0,9968 -0,09 -0,24 -0,14 

B671  0,9957 0,9969 0,9974 0,9971 -0,12 -0,22 -0,24 

B680  0,9951 0,9963 0,9972 0,9965 -0,12 -0,21 -0,24 

B684  0,9855 0,9874 0,9912 0,9899 -0,22 -0,67 -0,44 

B611  0,9951 0,9968 0,9979 0,9971 -0,17 -0,27 -0,2 

B652  0,9817 0,9872 0,9891 0,9878 -0,55 -0,74 -0,61 

B692  0,9971 0,9985 1,0023 0,999 -0,14 -0,32 -0,88 

B675  1,0052 1,0078 1,0092 1,0081 -0,26 -0,4 -0,29 
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Figure 6.70 shows the graphical contrast of the voltage profile. Voltage change 

indices are calculated according to Equation (6.9). 

 

 

Figure 6.70 Voltage profiles changes for three cases 

 

As shown in Table 6.17, the usage of DERs moved voltage values of the system 

upward. As the connection point and power capacity of DERs changed; the voltage 

profile has also changed. 

The analysis of all the results will be evaluated in detail in the next section. 

 

0,96

0,97

0,98

0,99

1

1,01

1,02

1,03

B650 B632 B633 B634 B645 B646 B671 B680 B684 B611 B652 B692 B675

Voltage Profile Base

Voltage Profile Case1

Voltage Profile Case2

Voltage Profile Case3



158 

 

 

 

7.  CONCLUSION 

Because of the studies done for the protection of the environment and for the 

reduction of world oil reserves, it is expected that EVs will have a significant share in 

the car market in the coming years. The required energy from these vehicles will 

inevitably be provided from the grid, and this will lead to a large load increase in the 

distribution system. This may because the capacities of all electrical power system 

components to be stressed, their life reduced, and energy quality problems occurred. 

The first method that comes to mind in order to prevent the problems is to 

increase the capacities of the components of the existing electrical system. However, 

this process is both very costly and requires a lot of manpower. It would be more 

appropriate to spread these investments over long periods. Because of these reasons, the 

best way to solve these problems today is to use the existing electrical system as 

efficiently and effectively as possible. In order to use our electrical system effectively, it 

is necessary to make some adjustments and additions both in the design of the EV and 

in the substructure of the electrical system. 

If the grid into which EV is connected has problems, firstly correcting the grid 

should be aimed at increasing the quality of the transmitted energy. Charging of EV's at 

peak times should be prevented. In addition, EVs load demand should be provided with 

renewable energy sources distributed as backup power sources at times when power 

requirements are rising. Solar technology is a commonly used method in today's 

renewable energy sources.  

However, when it is aimed to increase the quality of the energy distributed from 

the grid, there is no exact standard for how DERs will be connected to the grid.  

Connection points of DERs which are close to the grid side or the load side, 

affects the quality of the energy transmitted in the grids at different levels.  

Moreover, all of these subjects cannot be considered independently of smart grid 

and smart metering technologies.  
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Since the smart grid will capture the peak moment of power demanded from the 

grid, it will be able to change the mode of operation by communicating with the 

consumer, renewable energy sources and main grid.  

At the beginning of the thesis study, the study of PVs and EVs in conjunction 

with a general house load has been investigated and it is predicted that the PVs can 

satisfy a general house load requirement. This study was carried out on a test platform 

prepared with standardized values in a Matlab simulation environment. The obtained 

results have shown that this working situation can also be realized practically. Of 

course, in order to be able to use this situation, consumption centers need to be adapted. 

Once this infrastructure operation has been completed, there will be no problem in using 

EVs together with the PVs when it is urgent or needed for locally meeting the power 

needs. Thus, there will be an alternative for an uninterrupted electrical energy provided 

to customers. Furthermore, this operating situation providing an advantage for the 

consumer may arise if the charging of the electric energy differs day by day. In such a 

case, the consumer will initially charge the vehicle when the unit price of electricity is 

low. Then, it will also allow the vehicle to feed the household load by separating the 

domestic load from the grid when the unit price of electricity is high. Thus, it would be 

possible for EV and PV to be used as an investment tool at the same time. In addition, 

in disasters and emergencies, each PV can be used like a generator, and it will be able to 

produce a great deal of trouble. 

These proposed solutions are contemporary and popular topics that have been 

studied nowadays. These issues are also being studied in our country. It is very 

important to carry out researches on these recent issues at the same time with the world. 

Because, if enough attention is not given to these issues on time, the case that our 

country will become dependent on these foreign matters. Therefore, it is clear that these 

studies implemented in our county should not be seen enough and must be accelerated. 

The outputs obtained in accordance with the thesis work are presented below; 

 As a result of the literature reviews, it is seen that the US is leading the studies 

on EV around the world. It was observed that the Far East followed the US and 

then Europe. In terms of applicable structures with short distance, rising 
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productivity in intensive urban life, and reducing negative environmental 

impacts, the need for EVs are bigger in Europe and Far East. However, it can be 

seen in the literature, the largest data source is in the United States because of 

the large investments made for technology developments on the subject. For this 

reason, the pecan street project data from USA was utilized in this thesis study. 

 In the literature review, also incompleteness of an important need is observed.  

That is the establishment of an official site to communicate with suppliers, 

sellers, producers, and scientists of environment-friendly vehicles in our 

country. In this way, employees can be informed about others working on the 

subject in question. 

 Examining the work done and the literature review, one of the major obstacles to 

the widespread adoption of PVs is that standard structures have not yet been 

established in some countries. Every firm, academy, R&D laboratuary is 

working independently from the others and as a result, everyone is heading in 

different directions. If certain standards are already established in our country 

for PV and EV systems, then much faster advance will be experienced. 

 In this thesis, efforts have been made to solve possible problems in connection 

with renewable energy sources and energy quality issues. By means of the  

proposed system, it will be possible to connect extra EVs by reducing the 

harmonic distortions on the grid depending on the characteristics of the 

connection point. The designed system can give even more successful results 

than conventional systems even in today's grid structure.  

 Depending on population growth and technology development, energy demand 

is increasing and various sources are exploited to meet this growing need. 

Today, fossil based fuels are generally used as a source to meet a large part of 

the energy demand. One of the fossil based fuel consuming systems is the 

transportation systems. The rapid increase in fossil fuel consumption due to the 

vehicles used today causes negative environmental effects such as greenhouse 

effect and the decrease in fossil fuel reserves. In order to overcome these 

problems, EV is expected to have a significant share in the following years. This 

thesis is expected to help EV owners meet the energy needs of certain critical 

loads from PVs and at the same time contribute to the use of vehicles with 

DERs. 
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 Studies have shown that when the recommended grid connection system is 

finalized, it will be able to provide many probing solutions in connection of PVs 

to the grid. Thanks to this system, problems caused by harmonic distortions can 

be reduced. In this way, the PV power that can be connected to the grid from a 

connection point can be increased or the charging time of the vehicles can be 

reduced. During this process, the quality of the energy delivered to the consumer 

wills not detoriorate. 

 The performance of the system under different PV powers has been checked 

during the conducted studies. The PVs were integrated into the system from 

different points and different capacities, and the change in grid current and 

voltage was investigated. In this case, this system will benefit the system by 

producing solutions to the energy quality problems of distribution grid. 

  The proposed SA algorithm for testing under different cases has tried to keep 

the harmonics of grid between the IEEE standard limits. However, in some 

cases, the grid produced non-standard results. These results show that it is not 

advised for each house to use its own PV technology but using central PV power 

to increase the quality of the energy delivered to the consumer should be 

encouraged.  

 If the usage of PV and EV are widespread, the extra load on the grid will require 

making new investments. When these investments are made, the efficient use of 

existing transformers instead of replacing them with new transformers will result 

in lower costs and the efficiency of the systems will be increased considerably. 

For this purpose, PLC method is used as an existing communication system. The 

PLC allows solving the electrical energy quality problems such as power 

interruption, voltage fluctuations, voltage drop and rising with its behavior used 

with the smart grid communication infrastructure. 

 Without smart grid infrastructure, it is not possible for these systems to evolve at 

the desired level, so EV systems must be considered together with smart grids. 

 The study on Smart Houses which have a connection between PV and EV, have 

shown that energy savings can be achieved if EVs are considered together with 

PVs to achieve significant savings. 
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 A future work perspective is to experimentally develop this system which is 

tested in a simulation environment and perform tests and further R&D activities in 

laboratory environment. 

The major objective of this thesis study was to investigate the effects of the DERs 

on the voltage harmonics, power quality indices of MG system with the EV for 

changing parameters such as power, system position, singularity or spreading. Also, the 

harmonics reduction on LV networks is aimed. The study was conducted on an IEEE 13 

bus distribution system. As it can be concluded from analyzes;  

 A general improvement in the tension profile was observed in the presence of 

DER.  

 If DERs are connected to non-linear load bars, then the harmonics reduction rate 

will be higher.  

 The presence of DER reduces the harmonics in the bus voltages and increases 

the voltage harmonics of the lines close to the MG. In this case, it is more 

advantageous to use a single system of DERs in the system. The increase in the 

power of the DERs will further reduce the bus voltage harmonics. 

The results are consistent with similar studies and one of the most important 

features of our study, separating it from other studies, is that it is applied with real 

consumption values from real houses, as well as complying with the standards. In our 

knowledge, a micro grid system modeled using real data in the Matlab environment by 

applying standards at this level has not been found in the literature. 
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APPENDIX-A 

R A D I A L  F L O W  S U M M A R Y 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

SYSTEM        PHASE             PHASE             PHASE             TOTAL 

INPUT -------(A)-------|-------(B)-------|-------(C)-------|------------------ 

kW   :      1251.398   |       977.332   |      1348.461   |      3577.191 

kVAr :       681.570   |       373.418   |       669.784   |      1724.772 

kVA  :      1424.968   |      1046.241   |      1505.642   |      3971.289 

PF   :        .8782    |        .9341    |        .8956    |        .9008 

LOAD  --(A-N)----(A-B)-|--(B-N)----(B-C)-|--(C-N)----(C-A)-|---WYE-----DELTA-- 

kW   :   785.6    385.0|   424.0    625.7|   692.5    553.4|  1902.1   1564.0 

TOT :      1170.563   |      1049.658   |      1245.907   |      3466.128 

kVAr :   393.0    220.0|   313.0    358.1|   447.9    369.5|  1153.9    947.7 

TOT :       613.019   |       671.117   |       817.450   |      2101.586 

kVA  :   878.4    443.4|   527.0    720.9|   824.8    665.4|  2224.8   1828.7 

TOT :      1321.367   |      1245.865   |      1490.137   |      4053.481 

PF   :   .8943    .8682|   .8045    .8679|   .8397    .8316|   .8550    .8553 

TOT :        .8859    |        .8425    |        .8361    |        .8551 

LOSSES ------(A)-------|-------(B)-------|-------(C)-------|------------------ 

kW   :        39.107   |        -4.697   |        76.653   |       111.063 

kVAr :       152.585   |        42.217   |       129.850   |       324.653 

kVA  :       157.517   |        42.478   |       150.787   |       343.124 

CAPAC --(A-N)----(A-B)-|--(B-N)----(B-C)-|--(C-N)----(C-A)-|---WYE-----DELTA-- 

R-kVA:   200.0       .0|   200.0       .0|   300.0       .0|   700.0       .0  

TOT :       200.000   |       200.000   |       300.000   |       700.000 

A-kVA:   193.4       .0|   222.7       .0|   285.3       .0|   701.5       .0 

TOT :       193.443   |       222.747   |       285.276   |       701.466 

V O L T A G E   P R O F I L E 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

NODE  |   MAG       ANGLE  |    MAG       ANGLE  |    MAG       ANGLE |mi.to SR 

______|_______ A-N ______  |_______ B-N _______  |_______ C-N _______ | 

650   |  1.0000 at    .00  |  1.0000 at -120.00  |  1.0000 at  120.00 |    .000 
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RG60  |  1.0625 at    .00  |  1.0500 at -120.00  |  1.0687 at  120.00 |    .000 

632   |  1.0210 at  -2.49  |  1.0420 at -121.72  |  1.0174 at  117.83 |    .379 

633   |  1.0180 at  -2.56  |  1.0401 at -121.77  |  1.0148 at  117.82 |    .474 

XFXFM1|   .9941 at  -3.23  |  1.0218 at -122.22  |   .9960 at  117.35 |    .474 

634   |   .9940 at  -3.23  |  1.0218 at -122.22  |   .9960 at  117.34 |    .474 

645   |                    |  1.0329 at -121.90  |  1.0155 at  117.86 |   .474 

646   |                    |  1.0311 at -121.98  |  1.0134 at  117.90 |   .530 

671   |   .9900 at  -5.30  |  1.0529 at -122.34  |   .9778 at  116.02 |    .758 

680   |   .9900 at  -5.30  |  1.0529 at -122.34  |   .9778 at  116.02 |    .947 

684   |   .9881 at  -5.32  |                     |   .9758 at  115.92 |    .815 

611   |                    |                     |   .9738 at  115.78 |    .871 

652   |   .9825 at  -5.25  |                     |                    |    .966 

692   |   .9900 at  -5.31  |  1.0529 at -122.34  |   .9777 at  116.02 |    .852 

675   |   .9835 at  -5.56  |  1.0553 at -122.52  |   .9758 at  116.03 |    .947 

VOLTAGE REGULATOR DATA  ---- DATE:  6-24-2016 AT 15:33:16 HOURS -- 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

 [NODE]--[VREG]-----[SEG]------[NODE]           MODEL                OPT    BNDW 

650     RG60       632        632     Phase A & B & C, Wye           RX    2.00 

PHASE  LDCTR   VOLT HOLD  R-VOLT   X-VOLT  PT RATIO  CT RATE     TAP 

1             122.000    3.000    9.000    20.00    700.00     10 

2             122.000    3.000    9.000    20.00    700.00      8 

3             122.000    3.000    9.000    20.00    700.00     11 

R A D I A L  P O W E R  F L O W 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

NODE      VALUE         PHASE A         PHASE B         PHASE C     UNT O/L< 

(LINE A)        (LINE B)        (LINE C)        60.% 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 650       VOLTS:   1.000     .00   1.000 -120.00   1.000  120.00 MAG/ANG 

kVll   4.160           NO LOAD OR CAPACITOR REPRESENTED AT SOURCE NODE 

TO NODE RG60  <VRG>..:  593.30  -28.58  435.61 -140.91  626.92   93.59 AMP/DG < 

<RG60  > LOSS=   .000:    (   .000)       (   .000)       (   .000)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 
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NODE: RG60      VOLTS:   1.062     .00   1.050 -120.00   1.069  120.00 MAG/ANG 

-LD:     .00     .00     .00     .00     .00     .00 kW/kVR 

kVll   4.160      CAP:             .00             .00             .00 kVR 

FROM NODE 650   <VRG>:  558.40  -28.58  414.87 -140.91  586.60   93.59 AMP/DG < 

<RG60  > LOSS=   .000:    (   .000)       (   .000)       (   .000)    kW 

TO NODE 632   .......:  558.40  -28.58  414.87 -140.91  586.60   93.59 AMP/DG < 

<632   > LOSS= 59.716:    ( 21.517)       ( -3.252)       ( 41.451)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 632       VOLTS:   1.021   -2.49   1.042 -121.72   1.017  117.83 MAG/ANG 

-LD:     .00     .00     .00     .00     .00     .00 kW/kVR 

kVll   4.160      CAP:             .00             .00             .00 kVR 

FROM NODE RG60  .....:  558.41  -28.58  414.87 -140.91  586.60   93.59 AMP/DG < 

<632   > LOSS= 59.716:    ( 21.517)       ( -3.252)       ( 41.451)    kW 

TO NODE 633   .......:   81.33  -37.74   61.12 -159.09   62.70   80.48 AMP/DG 

<633   > LOSS=   .808:    (   .354)       (   .148)       (   .306)    kW 

TO NODE 645   .......:                  143.02 -142.66   65.21   57.83 AMP/DG < 

<645   > LOSS=  2.760:                    (  2.540)       (   .220)    kW 

TO NODE 671   .......:  478.29  -27.03  215.12 -134.66  475.50   99.90 AMP/DG < 

<671   > LOSS= 35.897:    ( 10.484)       ( -6.169)       ( 31.582)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 633       VOLTS:   1.018   -2.56   1.040 -121.77   1.015  117.82 MAG/ANG 

-LD:     .00     .00     .00     .00     .00     .00 kW/kVR 

kVll   4.160      CAP:             .00             .00             .00 kVR 

FROM NODE 632   .....:   81.33  -37.74   61.12 -159.09   62.71   80.47 AMP/DG 

<633   > LOSS=   .808:    (   .354)       (   .148)       (   .306)    kW 

TO NODE XFXFM1.......:   81.33  -37.74   61.12 -159.09   62.71   80.47 AMP/DG < 

<XFXFM1> LOSS=  5.427:    (  2.513)       (  1.420)       (  1.494)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: XFXFM1    VOLTS:    .994   -3.23   1.022 -122.22    .996  117.35 MAG/ANG 

-LD:     .00     .00     .00     .00     .00     .00 kW/kVR 

kVll    .480      CAP:             .00             .00             .00 kVR 

FROM NODE 633   .....:  704.83  -37.74  529.73 -159.09  543.45   80.47 AMP/DG < 

<XFXFM1> LOSS=  5.427:    (  2.513)       (  1.420)       (  1.494)    kW 
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TO NODE 634   .......:  704.83  -37.74  529.73 -159.09  543.45   80.47 AMP/DG < 

<634   > LOSS=   .000:    (   .000)       (   .000)       (   .000)    kW 

 R A D I A L  P O W E R  F L O W 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

NODE      VALUE         PHASE A         PHASE B         PHASE C     UNT O/L< 

(LINE A)        (LINE B)        (LINE C)        60.% 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 634       VOLTS:    .994   -3.23   1.022 -122.22    .996  117.34 MAG/ANG 

Y-LD:  160.00  110.00  120.00   90.00  120.00   90.00 kW/kVR 

kVll    .480    Y CAP:             .00             .00             .00 kVR 

FROM NODE XFXFM1.....:  704.83  -37.74  529.73 -159.09  543.45   80.47 AMP/DG < 

<634   > LOSS=   .000:    (   .000)       (   .000)       (   .000)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 645       VOLTS:                   1.033 -121.90   1.015  117.86 MAG/ANG 

Y-LD:                  170.00  125.00     .00     .00 kW/kVR 

kVll   4.160    Y CAP:                             .00             .00 kVR 

FROM NODE 632   .....:                  143.02 -142.66   65.21   57.83 AMP/DG < 

<645   > LOSS=  2.760:                    (  2.540)       (   .220)    kW 

TO NODE 646   .......:                   65.21 -122.17   65.21   57.83 AMP/DG 

<646   > LOSS=   .541:                    (   .271)       (   .270)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 646       VOLTS:                   1.031 -121.98   1.013  117.90 MAG/ANG 

D-LD:                  240.66  138.12     .00     .00 kW/kVR 

kVll   4.160    Y CAP:                             .00             .00 kVR 

FROM NODE 645   .....:                   65.21 -122.18   65.21   57.82 AMP/DG 

<646   > LOSS=   .541:                    (   .271)       (   .270)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 671       VOLTS:    .990   -5.30   1.053 -122.34    .978  116.02 MAG/ANG 

D-LD:  385.00  220.00  385.00  220.00  385.00  220.00 kW/kVR 

kVll   4.160    Y CAP:             .00             .00             .00 kVR 

FROM NODE 632   .....:  470.20  -26.90  186.41 -131.89  420.64  101.66 AMP/DG < 

<671   > LOSS= 35.897:    ( 10.484)       ( -6.169)       ( 31.582)    kW 

TO NODE 680   .......:     .00     .00     .00     .00     .00     .00 AMP/DG 
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<680   > LOSS=   .000:    (  -.001)       (   .001)       (   .000)    kW 

TO NODE 684   .......:   63.07  -39.12                   71.15  121.62 AMP/DG 

<684   > LOSS=   .580:    (   .210)                       (   .370)    kW 

TO NODE 692   .......:  229.11  -18.18   69.61  -55.19  178.38  109.39 AMP/DG 

<692   > LOSS=   .008:    (   .003)       (  -.001)       (   .006)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 680       VOLTS:    .990   -5.30   1.053 -122.34    .978  116.02 MAG/ANG 

-LD:     .00     .00     .00     .00     .00     .00 kW/kVR 

kVll   4.160      CAP:             .00             .00             .00 kVR 

FROM NODE 671   .....:     .00     .00     .00     .00     .00     .00 AMP/DG 

<680   > LOSS=   .000:    (  -.001)       (   .001)       (   .000)    kW 

R A D I A L  P O W E R  F L O W 

SUBSTATION:  IEEE 13;   FEEDER:  IEEE 13 

NODE      VALUE         PHASE A         PHASE B         PHASE C     UNT O/L< 

(LINE A)        (LINE B)        (LINE C)        60.% 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 684       VOLTS:    .988   -5.32                    .976  115.92 MAG/ANG 

-LD:     .00     .00                     .00     .00 kW/kVR 

kVll   4.160      CAP:             .00                             .00 kVR 

FROM NODE 671   .....:   63.07  -39.12                   71.15  121.61 AMP/DG 

<684   > LOSS=   .580:    (   .210)                       (   .370)    kW 

TO NODE 611   .......:                                   71.15  121.61 AMP/DG 

<611   > LOSS=   .382:                                    (   .382)    kW 

TO NODE 652   .......:   63.07  -39.12                                 AMP/DG 

<652   > LOSS=   .808:    (   .808)                                    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 611       VOLTS:                                    .974  115.78 MAG/ANG 

Y-LD:                                  165.54   77.90 kW/kVR 

kVLL   4.160    Y CAP:                                           94.82 kVR 

FROM NODE 684   .....:                                   71.15  121.61 AMP/DG 

<611   > LOSS=   .382:                                    (   .382)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 652       VOLTS:    .983   -5.25                                 MAG/ANG 
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Y-LD:  123.56   83.02                                 kW/kVR 

kVll   4.160    Y CAP:             .00                                 kVR 

FROM NODE 684   .....:   63.08  -39.15                                 AMP/DG 

<652   > LOSS=   .808:    (   .808)                                    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 692       VOLTS:    .990   -5.31   1.053 -122.34    .978  116.02 MAG/ANG 

D-LD:     .00     .00     .00     .00  168.37  149.55 kW/kVR 

kVll   4.160    Y CAP:             .00             .00             .00 kVR 

FROM NODE 671   .....:  229.11  -18.18   69.61  -55.19  178.38  109.39 AMP/DG 

<692   > LOSS=   .008:    (   .003)       (  -.001)       (   .006)    kW 

TO NODE 675   .......:  205.33   -5.15   69.61  -55.19  124.07  111.79 AMP/DG < 

<675   > LOSS=  4.136:    (  3.218)       (   .345)       (   .573)    kW 

---------------------*--------A-------*-------B-------*-------C-------*-------- 

NODE: 675       VOLTS:    .983   -5.56   1.055 -122.52    .976  116.03 MAG/ANG 

Y-LD:  485.00  190.00   68.00   60.00  290.00  212.00 kW/kVR 

kVll   4.160    Y CAP:          193.44          222.75          190.45 kVR 

FROM NODE 692   .....:  205.33   -5.15   69.59  -55.20  124.07  111.78 AMP/DG < 

<675   > LOSS=  4.136:    (  3.218)       (   .345)       (   .573)    kW 
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APPENDIX-B 

IEEE 13 BUS SYSTEM LOAD FLOW RESULTS 

(PHASOR MODE) 

BUS-ID V_LF(pu) Vangle_LF(deg) 

611_c 0.9741 115.76 

632_a 10.210 -2.49 

632_b 10.420 -121.72 

632_c 10.174 117.83 

633_a 10.178 -2.56 

633_b 10.402 -121.77 

633_c 10.148 117.83 

634_a 0.9938 -3.24 

634_b 10.218 -122.22 

634_c 0.9959 117.35 

645_b 10.329 -121.90 

645_c 10.154 117.86 

646_b 10.312 -121.98 

646_c 10.133 117.90 

652_a 0.9796 -5.48 

671_a 0.9871 -5.53 
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671_b 10.519 -122.41 

671_c 0.9780 116.00 

675_a 0.9806 -5.77 

675_b 10.543 -122.58 

675_c 0.9760 116.03 

680_a 0.9871 -5.53 

680_b 10.519 -122.41 

680_c 0.9780 116.00 

684_a 0.9851 -5.55 

684_c 0.9761 115.90 

692_a 0.9871 -5.53 

692_b 10.519 -122.41 

692_c 0.9780 116.00 

13 bus with a 100KW PV array 

RLC load Z Bus*1* 25.00 1 0.00 30.00 2.00 -Inf Inf []

 5.8948e-05 146.32 0.00 0.00 600V Utlity Grid/30-MW 2-Mvar Load 

Vsrc swing Bus*2* 120.00 1 0.00 0.00 0.00 -Inf Inf []

 1 0.00 17590.71 548.69 600V Utlity Grid/120kV 2500MVA 

RLC load Z Bus*3* 25.00 1 0.00 2.00 0.00 -Inf Inf []

 5.0814e-05 147.19 0.00 0.00 600V Utlity Grid/2-MW Load 

Bus - Bus*4* 25.00 1 0.00 0.00 0.00 0.00 0.00 []

 4.7975e-05 147.60 0.00 0.00 Bus*4* 
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RLC load Z Bus*5* 0.24 1 0.00 0.00 -0.01 -Inf Inf []

 3.1346e-05 -157.16 0.00 -0.00 10 kvar
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APPENDIX- C 

def simulatedanneal(sol): 

 first_result = result(sol) 

 T = 1.0 

 T_minimum = 0.00001 

 Alpha = 0.9 

  while T > T_min: 

   m = 1 

   while m <= 100: 

   second_sol = neighbor(sol) 

   second_result = result(second_sol) 

   p = probability(first_result, second_result, T) 

   if p > random(): 

   sol = first_sol 

   second_result = first_result 

    m += 1 

    T = T*alpha 

    return sol, result 
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