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ABSTRACT 

ACTIVE AND REACTIVE POWER SHARING OF PARALLEL 
INVERTERS IN MICROGRID BY USING DROOP CONTROL 

 

Ahmed ISMAIL 

 

Department of Electrical Engineering 

MSc. Thesis 

 

Adviser: Asst. Prof. Dr. Mustafa BAYSAL 

 

The spread of greenhouse gas emissions in the atmosphere resulting from generating 
electricity based on fossil fuels and emergence of distributed generation systems as a 
clean energy sources (wind turbines, PV, Fuel cells, etc. ) lead to begin transfering from 
conditional electrical grids to smart grids. These grids have a features to integrate 
distributed energy resources and use communication technologies. So utilization of 
distributed renewable energy sources for domestic energy consumption will increase in 
the near future. This trend allows more efficient energy consumption because of 
reducing transmission loses and dependence on domestic appliances to grid 
distribution.The distributed energy resources are connected into the grid via power 
electronic interface such as inverter or ac/ac converter.  

In this thesis, it is studied the methods used to manage and control active/reactive power 
sharing of inverters. Also it is reviewed the advantages and disadvantages of many 
types of control methods used for power sharing of parallel inverters. This study is 
aimed to propose a controller for active and reactive power sharing of inverters operated 
in parallel. At first we designed droop control to make power sharing of parallel 
inverters on several cases. After that we modify a droop method by designing PID 
controller and connect it with droop control. The proposed controller consisting of 
droop and PID controllers gives more accurate power sharing by removing signals in 
transient response and gives more accurate results especially in reactive power sharing.   

Key words: Active and Reactive power sharing, Distributed energy resources, Droop 
control, Inverters, Microgrid, PID controller 

YILDIZ TECHNICAL UNIVERSITY  
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ÖZET 

 

MİKRO ŞEBEKEDEKİ PARALEL İNVERTERLERİN DÜŞÜM 
YÖNTEMİYLE AKTİF VE REAKTİF GÜÇ PAYLAŞIMI 

 

Ahmed Ismail 

 

Electrik Mühendisliği Anabilim Dalı 

Yüksek Lisans Tezi 

 

Tez Danışmanı: Yrd. Doç. Dr. Mustafa BAYSAL 

Eş Danışman: Yrd. Doç. Dr. Arif KARAKAŞ 

Eş Danışman: Yrd. Doç. Dr. Muhammed GARIP 

 

Fosil yakıtlara dayali elektrik üretimi nedeniyle atmosferdeki sera gazların yayılması ve 
rüzgar tribünleri, PV, yakıt hücreleri vb. dağıtık üretim sistemlerinin temiz enerji 
kaynakları olarak ortaya çıkması, klasik elektrik şebekelerinden akıllı şebekelere 
dönüşümün başlamasına neden olmuştur. Akıllı  şebekeler dağıtık enerji kaynaklarını 
enetgre etme ve iletişim teknolojilerini kullanabilme özelliklerine sahiplerdir. 
Dolayısıyla, konutların enerji tüketimi için dağıtık yenilenebilir enerji kaynaklarının 
kullanımı yakın gelecekte artacaktır. Enerji sistemlerindeki bu trend, azalan iletim 
kayıpları ve ev aletlerinin şebeke dağıtımına bağlılığından dolayı daha verimli enerji 
tüketimine olanak tanımaktadır. Dağıtık enerji kaynakları, inverter veya ac/ac 
dönüştürücü gibi güç elektroniği ara birimleri ile şebekeye bağlanmaktadır.  

Bu çalışmada, inverterlerin aktif ve reaktif güç paylaşımını yönetmek ve kontrol etmek 
için yöntemler incelenmiştir. Ayrıca, paralel inverterlerin güç paylaşımında kullanılan 
bir çok kontrol yönteminin üstünlükleri ve eksiklikleri gözden geçirilmiştir. Bu tezin 
amacı, paralel inverterlerin aktif ve reaktif güç paylaşımı için bir kontrol mekanizması 
önermektedir. Öncelikle, paralel inverterlerin farklı durumlarda güç paylaşımını 
yapmak için bir düşüm (droop) yöntemi tasarlandı. Daha sonra, PID kontrol 
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mekanizması tasarlamak suretiyle bir düşüm yöntemi oluşturuldu ve düşüm kontrolüyle 
bişleştirildi. Düşüm (droop) ve PID kontrolörlerinden oluşan önerilen kontrol 
mekanizması, geçici tepkideki sinyalleri ortadan kaldırarak daha doğru güç paylaşımı 
vermekte ve özellikle reaktif güç paylaşımında doğru sonuçlar ortaya koymaktadır.  

Anahtar Kelimeler: Aktif and Reaktif güç paylaşımı, Dağıtık enerji kaynakları, Düşüm 
(droop) kontrolü, İnverter, Mikroşebeke, PID kontrol mekanizması 
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review  

Today, as we know, the main source of energy in the world is based on fossil fuels; 

however there is a need for economic environment and environmentally friendly 

alternative energy generation systems, in addition to (a) continuously increasing 

demand of electric energy by developed and developing countries, (b) many developing 

countries suffer from lacking power resources and networks [1]. Furthermore increasing 

energy consumption overloads the distribution grids and power generators which cause 

a negative impact on power availability, security, and quality [2] led to make 

decentralized renewable energy production more and more important. So the key point 

is to transfer to more intelligent, more reliability and more voltage and frequency 

stability by using small and smart grid energy systems including renewable energy 

resources, micro-generators, loads and storage systems called Smart Grid which we can 

divided it to Micro Grids for controllability (active and reactive power flow control), by 

using Micro Grids we can integrate Distributed Generation to Grid, by this way the 

energy will be generated and stored near consumption areas so we can reduce the losses 

generated by power transmitted lines and getting more reliability grid, on the other way 

Micro Grid open up new markets to alternative energy, This allows more power to 

travel with less resistance to far markets (cities, towns, rural areas, etc.).  One of the 

major favorites of using Micro Grids that are working in two modes; grid connected 

mode which the Micro Grid is connected to the essential electrical grid through 

intelligent bypass switch (IBS) and Islanded Mode which the Micro Grid is isolated 

from electrical Grid and the energy is generated by alternative Distributed Energy 
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Resources (DER) such as wind generators, biomass power plants, hydro power turbines,  

PV sources, fuel cells, energy store systems and uninterruptible power supplies (UPS) 

[3, 4]. Alleviating all system losses in transmission and distribution processes also 

getting more security, reliability, and high power quality by preventing centralizing of 

generation stations and make decentralizing of the grid by exploitation renewable 

energy sources (RESs) and interfacing them with energy conversion systems (ECSs) to 

the power grid which are called Distributed Energy resources Systems (DESs); For 

most distributed energy resources (DER) which are connected in parallel in LV-grid 

like micro-turbines, wind plants, fuel cells and PV cells electrical power is generated as 

a direct current (DC) and converted to an alternative currents (AC) by inverters. So the 

inverters are assumed to be a primary components in the grid cause of many 

functionality process that have to perform; they have to convert the DC voltage to 

sinusoidal voltage and make connection between (ECSs), The inverters influence the 

frequency and the voltage of the grid for this reason has been made control systems over 

inverters to alleviate their influencing. Inverters interface with the grid in parallel which 

increase reliability over a single centralized sources because in case one fails the 

remaining inverters (n-1) units will deliver the needed power to the load and excess 

energy caused by failed inverter will distribute proportionally to the other paralleled 

inverters; therefore inverters are considered to be main universal unit building block of 

future smart grids especially in law and medium voltage [1]. 

There are many control techniques of parallel inverters to improve the power quality of 

(DESs) which contribute to make proportional distribute of power for parallel inverters 

and managing active and reactive power of the Micro Grid. Control  strategies  for the  

parallel-connected  inverters  can  be  classified  into  two  types; active  load  

sharing/current  distribution with all types of this controller must be utilized 

communication links between inverters with some cases there is master control station 

or master inverter  and  droop  control with no any communication links between 

inverters so its preferred from the other controllers[1,5]. 

1.1.1 Micro-Grid Concept 

A Micro grid is a cluster of distributed energy resources systems (DESs) and loads 

working as controllable system which provides power to its local area, therefore a 

Micro grid is a new type of power systems consisting of generation sources, loads, and 
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energy storages, In other words it’s a combination of small modular energy resources, a 

low voltage distribution network and load units interfaced by means of fast controllable 

power electronics, so the Micro grid is a main application allow to integrate (DESs) into 

distributed networks[6]. 

Micro grid uses a technology of smart grid that utilizes digital technology allow dual 

communication between electrical generators and customers; which led to use electrical 

devices in homes when the electricity be inexpensive and abundant, also allow to 

electrical managers detect the system to recognize problems and avoid it as well as 

gives rapid information about blackouts and power quality, these facts led to insert 

technologies that can discover the problems since comprehensive measurements of the 

network. As a result rapid communication, Diagnosis and feedback control turn back 

the system to stable status after interruptions or disturbances are occurred.  

The main idea of a Micro grid that can be connected with the main grid or make 

connection between micro grids with tie lines forming clusters or we can define micro 

grid as a part from main grid contains micro generators, loads, storage units, UPS and 

energy conversion systems working on autonomous status but connecting with main 

grid but it has special feature that can separate from main grid seamlessly and working 

in island mode when there is enough energy from micro generators in micro grids or 

faults in main grid. Tie lines act to exchange energy stations to get a balance in micro 

grid so it will be alleviate power flow in these tie lines. Micro grid is a new pattern for 

low voltage distribution systems because generation depend on small main engines like 

PV plants, small wind turbines and fuel   cells that requires for power electronics 

interfaces such as ac–ac or dc–ac inverters[3]. 

Micro grids have two operation modes, they can operate in Island mode (autonomous 

mode) in other words off-grid mode. In this case the energy is generated from micro 

grid without need energy from low voltage utility grid; however micro grids must 

contains one or more micro turbines such as wind turbines, PV plates, fuel cells, 

batteries and local loads; which are fed by these energy sources. In other case a micro 

grid is connected to the point of common coupling (PCC) of the main grid through 

intelligent bypass switch (IBS) which is called grid-connected mode. In this operation 

mode the micro grid acts as a backup system or as a part of main grid. The purpose of 

backup mode is to feed local loads when there are faults in the main grid for any 

reasons. This mode is also called emergency mode. Also the configuration of micro grid 
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in grid connected mode needs a power sources and a large battery bank. Batteries or 

super capacitors are required in micro grid to store excess of the generated energy and 

support energy resources inside the micro grid when the loads increase. The size and 

type of batteries are chosen by system’s conditions. During grid connected mode 

operation the aim of micro grid is to make full charge battery bank so it will be ready 

for emergency operating. When micro grid operate in grid connected mode the energy 

resources of the micro grid feed local loads; if the generated power exceeds the demand 

power inside micro grid, excess of the energy is exported to the main grid. In the 

opposite case if the micro grid cannot full supplying of its local loads the required 

energy is imported from the main grid. Cause of all loads in micro grids are required 

AC power which is adverse of DC powers generated by Distributed Energy Resources 

(DERs) and batteries mast be used inverters to invert power from DC to AC and to 

control electrical power in both operation modes [6]. 

1.1.2 Micro-Grid Configuration 

Micro grid involves two primary components; micro sources (DERs) and energy 

conversion systems. Typical micro grid architecture with micro sources is shown in 

figure 1. The system consist of feeders which are called distributed generations (DG). 

The distribution generation unit contains a micro source and DC/AC inverters in the 

other words (DGs) are called distribution resources systems (DRSs). Micro grid also 

contains sensitive and non-sensitive loads, which appear of a part of distribution system. 

The part of system contains sensitive loads must be interfaced to the utility grid by static 

switch, see figure 1. Due to isolate sensitive loads from faults and disturbances of the 

utility grid, the single point which makes interfacing between micro grid and main grid 

is called point of common coupling (PCC). When micro grid is connected with the main 

grid the power flows from micro sources directly to non-sensitive loads. However in 

case of faults the micro grid operates in island mode which is required to disconnect 

micro grid from the main grid. This  supposes  the  change  in  the  output control  of  

the  generation  units from a delivery power mode to frequency controlled  operation 

mode along with the load needs[7].   

 



21 
 

 

Figure1.1: Micro-Grid Architecture. [7] 

 Objective of the Thesis 1.2

Today the world is transferring from conventional electrical girds to smart or micro-

grids. These transferring process integrate distributed generation sources like alternative 

sources (wind turbines, PV, fuel cells, etc.) with the main grid. Integration process of 

these resources is operated by power electronics such as inverters. Since integration 

DGs with the utility appears many problems. One of the main problems of integration 

process over inverters is management of the power sharing. This thesis offer some 

controllers as solutions of active and reactive power sharing of inverters according to 

their capacity. In addition to that the thesis explains advantages and disadvantages for 

every control method and offers the best solution for this problem by analysis and 

design droop control techniques. So the main aim of this thesis is to make analysis, 

design, model, and develop for the droop control. In the first analyze the droop control 

method by mathematical equations to model it by MatLab/SIMULINK program. 

Modelling process is performed by establish a small micro-grid composed from parallel 

inverters, load, switches, and main grid. After modelling the micro-grid, it must be 

experimented during the two connected cases; grid connected mode and island 

(autonomous) mode. During operation process we can notice from the results in two 

cases the status of the system and modify the variables according to active and reactive 
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power flow. From analyzing the system we notice that droop control can’t solve some 

problems as we will see in chapter 4 and chapter 5. Develop the system modeling based 

on the variables useful for an optimal control of active and reactive power flows. The 

use of voltage source inverters (VSI) as electronic interface with the Micro-grid, needs 

for new analysis tools. As a primary goal, an accurate model derived from the electrical 

scheme of a grid interactive VSI system is demanded. The control variables of such 

VSIs will be the amplitude, frequency and phase of the output voltage. So solving these 

problems operate by integrating other control method work as assistant controller to 

modify droop controller and gives more accurate results in reactive and active power 

sharing. So this gives accurate power flow control during transients. Used decentralized 

control method (droop functions) to improve system stability and dynamic performance, 

being able to share power with the grid in function of its nominal power. Finally 

proposed controller achieves our goal to share active and reactive power of parallel 

inverters accurately and we will see that in chapter 5 the results of controllers.  

 Hypothesis 1.3

This thesis is organized in 6 chapters, as follows: 

Chapter 2: introduces smart grid with its definitions, architecture, management methods 

for the grid and communication technologies and protocols. Also focusing on micro-

grid and its architecture, the benefits to transfer using micro-grid, types of micro-grid, 

distributed energy resources that can be integrated to MG (fuel cells, PV, wind turbines, 

etc.) with explain every one of them, energy storage devices such as batteries, ultra-

capacitor with summarized of the advantages and disadvantages for every one and make 

a comparison of storage devices, explains MG operation modes and the seamless 

transfer between the two operations, inverter topology which is the main part of our 

thesis to make power sharing and understand the idea of its work with types of 

topology, and issues of MG such as islanding detection, protection and active and 

reactive power sharing must be known to understand the status of MG and how to make 

security and safety for MG also understanding these issues can be help to design more 

accurate controllers achieve stability and reliability for the grid. Finally chapter 2 offers 

some application of MG in the word especially in Turkey in Yildiz Technical University 

with some explanations.  
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Chapter 3: introduces Control strategies for parallel operation of inverters in microgrid 

begins from idea of parallel operation of inverters with reviews the control types in 

parallel operation of inverters and the advantages and disadvantages for every type also 

make the comparison for all types and conclude the best control method for sharing 

power process, finally explains the droop control method with review its advantages and 

disadvantages.  

Chapter 4: explains the design and Modelling the system by using droop control Matlab 

/ SIMULINK. First begins with design and model the structure of MG then explain the 

idea to design and model the inverter. Moreover contains designing and modelling the 

power calculator, power filter and droop control. We see from the results in chapter 5 

that just using droop control has some restrictions so at the end of chapter 4 we will find 

the way to design assistant controller to modify droop control. 

Chapter 5: reviews the results of many case studies which represent to different types of 

MG. These micro-grids can be contained equal power capacity parallel inverters or 

different power capacity of parallel inverters. In each case study we can see some 

comments and conclusion of the response of the used control.   

Chapter 6: contains the conclusion of using droop control in micro-grid in near future 

especially with alternative energy sources. Also the future works that can be done to 

modify reactive power sharing and achieving more accurate reactive power sharing.  
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CHAPTER 2 

MICRO-GRID 

2.1 Smart Grid 

Today electrical power systems suffer from lack of energy duo to increasing demand 

especially in industrial networks. In addition to that the revolution in information 

technologies and developing in communication protocols encouraged researches to 

emerge new protocols with power systems. Also intelligent networked devices can be 

integrated to monitor and manage power networks. These smart grids will be designed 

and applied to provide more reliability and stability of electrical power and support 

economic and operational requirements of large distributed control systems [100]. So 

the smart grid is a Mixture of open and proprietary networks enables the much larger 

network of measurements, controls, metering, and automation. Furthermore one of the 

major causes to integrate smart grid is that has ability to merge distributed energy 

generations such as alternative energy sources with the electrical power, because the 

clean energy is becoming an imperative to our modern society [101]. Smart grid has 

many definitions from different sources like “A Smart Grid is a modern electricity 

system. It uses sensors, monitoring, communications, automation, and computers to 

improve the flexibility, security, reliability, efficiency, and safety of the electricity 

system” [98].  In short we can say smart grid is applied to achieve these aims: (1) 

improve the efficiency of power systems. (2) Benefit from several technologies such as 

power electronics, communications, information storage and exchange and new 

materials. (3) Ability to integrate renewable energy generation sources such as wind 

turbines. (4) Reduces green-gas emissions. (5) Improve the quality and reliability of the 
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power supply. (6) Improve the efficiency of Transmission and Distribution network. (7) 

Ensure security and safety of the power system [99]. 

2.1.1 The Reasons for Trend to Smart Grid Infrastructure 

The infrastructure of electrical grid has not changed over 100 years. So the hierarchal 

components are near to end of their lives, therefore electrical grid has become in the 

stage of rickety. The demand of electrical energy is gradually increasing. According to 

U.S department of energy the demand and the consumption of electricity has increased 

2.5% annually over the last 20 years. Recently days the electrical grid is complex and 

not suitable for needs of 21st century, because there are many deficiencies in this grid 

such as lack of automated analysis, poor visibility. All of these lacks contributed to 

occurrence blackouts in last 40 years. Also there are some other additional factors like 

increasing the population, growing energy demand, changing in the climate, equipment 

failures, problems in energy storage, capacity limitations for electric generations, one 

way communication, decreasing the fossil fuels, also emission of greenhouse gas from 

transportation and electricity factories have been a threat over the earth [8].  

2.1.2 Smart Grid Definitions 

For these challenges ought to scientists to develop recent grid to more intelligent, 

reliability, and safety grid which it uses two way communication technology that 

resulted smart grid.  There are many definitions for smart grid; it can be defined as an 

electrical network that can intelligently management of actions and processes that occur 

between all consumers and generators inside the grid. Or it is an electrical grid 

controlled by digital technology, or updating the recent grid by using information and 

communication technologies (ICT), or a smart grid is a digital grid that interfaces 

customers with utility grid by using two way communication technologies [9]. Or a 

smart grid is an improved utility grid with ability to smooth integration of distribution 

energy resources (DERs) uses communication technologies and automated control to 

get more reliability, efficiency, security, and safety modern grid. So smart grid 

technologies uses renewable energy sources (RES) which are decreased the greenhouse 

gas emissions and provide demand side management and energy storage which reduced 

the losses that needs to transfer energy from power stations to rural sites and increased 

the reliability. One of the most features of smart grid that can give real time information 
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to deliver and manage power from generators to customers by using (ICT) containing 

sensors, intelligent monitoring systems and controllers. Also smart grid is a promising 

technology for disposal of failures, capacity constraints, power disturbances and 

outages. The recent grid is lacking from communication technologies but the smart grid 

is full of communication technologies and sensors increase the grid capacity and 

flexibility by integration many (DERs) which is shown in figure 2.1 [8]. 

 

 

Figure2.1: Infrastructure of Smart Grid with Sensors and (RES) [8] 

2.1.3 Smart Grid Architecture 

In recent years there are many investments to design more intelligent, smart, complex 

and reliability grid that ensure excess capacity in the system. The new grid is able to 

manage and control of power between generators and essential, commercial and 

industrial customers and uses (ICT). This technology allow us to use green energy such 

as wind turbines, PV solar systems and fuel cells and making decentralized of resources 

in utility network. Smart grid allow to all customers to contribute their energy to the 

grid. Smart grid contains of some elements such as: 

 Power generation, 
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 Transmission systems, 

 Distribution systems, 

 Distribution substations, 

 Renewable energy resources, 

 Storage systems, 

 Energy conversion systems, 

 Uninterruptable power systems (UPS), 

 Residential , commercial and industrial customers (loads), 

 Two way communication system, 

 Control systems, 

Also there are some complex elements such as telecom hybrid power system used for 

telecommunication equipment power feeding which included smart meter, traditional 

energy sources, (RES), and storage systems[9,10]. 

2.1.4 Smart Grid Management  

The recent power grid suffer from lacking efficient management between loads and the 

network; as there are losses in transmission lines, failures, and not total monitoring of 

the grid, however smart grid infrastructure solve these problems and insure permanent 

monitoring the network by smart metering. Management of smart grid involves 

improvement of these subjects [9];  

 Smart metering; monitoring and customers contribute in their energy. 

 Demand side management  

 Home energy controlling 

 Effective administration of renewable energy sources 

 Efficient management of distribution networks 

2.1.5 Communication Technologies Used For Smart Grids 

A communication technology is considered a main component in the smart grid 

infrastructure to achieve intelligent and smarter electrical grid. Huge amount of data 

flow from applications which are connected of grid have been analyzed and controlled. 

Different communication technologies in smart grid divided in to two main types: wire 

communication and wireless communication which are used in transmission data 

between smart meters and electric utilities. In some cases wireless communication is 
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preferred over wire media that because it is easy to be extended to difficult and 

unreachable areas also it has low cost infrastructure, on the other hand wired 

communication don’t has interference problems like wireless and their functions don’t 

depend on batteries. There are two types of information infrastructure for information 

flow in smart grid system, the first data flow from sensors and electric applications to 

smart meters and this way is transferred by power line communication or wireless 

communications such as ZigBee or others, and the second information data flow from 

smart meters to utility’s data centers by cellular technologies or internet. We will review 

some communication technologies used in smart grid systems with their advantages and 

disadvantages. 

A) ZigBee 

It’s a wireless communication technology low in power usage, data rate, and 

complexity. ZigBee technology used in smart lighting, energy monitoring, home 

automation, and automatic meter reading and it has some advantages such as 

that it operating with unlicensed spectrum, has 16 channels each one has 5MHz 

from the band width, the MAX power output of radios is 0dbm (1mw), and the 

coverage range from (30-50m). On other hand there are some disadvantages that 

it has small memory size, low processing capabilities and interference with other 

appliances. 

B) Wireless mesh 

A flexible network consists of group of nodes, so that new nodes can connect 

with the group and each one of the node can act as a router. The advantages of 

this technology improvement the efficiency of the network make balancing of 

loads on the network, expansion the network coverage and good coverage in 

urban areas. On the other hand there are some disadvantages of this method like 

fading, interfacing and capacity. 

C) Cellular network communication  

It’s a good option to make communication between smart meters, utilities, and 

far nodes. Because the infrastructure is found and available, there is no any extra 

cost to build new communication infrastructures. Cellular communication 

available in 2G, 2.5G, 3G, WIMAX, and LTE in utilities for smart metering 

deployments. Some advantages of this type that its available don’t need to build 

so no extra cost for building, and widespread for example in the GPRS performs 
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up to 170kb/s. However the disadvantages of this technology in some cases 

when there is pressure on the network by customers the network don’t response 

or the network performance will decrease in emergency situations. In bad 

weather situations such as a wind storm cellular network providers may not 

supply good service. 

 
D) Power line communication (PLC) 

It’s a technique that uses power lines to transmit high data (2-3) Mb from one 

device to the others and depends on LV distribution network in the smart grid. 

PLC considered as promising technology that exciting the infrastructure of it in 

the smart grid decrease the cost of building communication infrastructures. It 

will be suitable for urban areas and have high security. However there are some 

technical disadvantages such as network topology, the number and types of 

devices connected with PLC and distance between transmitter and receiver 

affect the quality of the signal. Also it has low bandwidth that encloses the 

application which needs higher bandwidth [8]. 

 Micro Grid Background 2.2

Micro grid is considered as a link connects local loads, local generations, and utility 

grid. When it connected with the main grid there are some standards and qualifications 

in safety and protection must be taken. Micro grid operation system is required several 

supporting systems such as (protection, supervisory control, dynamic control, and 

power electronics interface like inverters, filters, and transformers). Successful 

integration for micro grid inside the distribution system is required main control of 

interference between micro grid and utility grid. Implementation of micro grid system 

provides several features both for users and for electric network provider; from user’s 

application micro grid can improves network quality, reduces emissions, and eliminates 

the cost to be disbursed by users. From electrical network provider micro grid reduces 

power flow on transmission and distribution power lines therefore it reduces loses and 

costs. Moreover micro grid can be eliminating the loads on the network by decrease 

electricity needs and helps in maintenance of the network in cases of errors. One of the 

main feature of micro grid that can be operate in island mode (not connected with the 

utility grid) however must be built up advanced control scheme to allow safe operation 

for generators when they disconnected with the main utility[11].  
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2.2.1 Classifications of LV Micro Grid Applications  

Micro grids can be divided to the following types: residence micro grids, utility micro 

grids, commercial and industrial micro grid, and remote micro grid [12]. 

 Residence micro grid 2.2.1.1

A micro grid is a very good grid to movement toward smart homes which contain 

energy management system (EMS) that manage smart devices with sources of 

generation. As a basic definition of micro grid that is able to provision controllable 

interface for distribution system able to make integration for every local generation and 

smart loads. Micro grid operate to minimize costs by manage time of use energy 

pricing, and strategies for utilizing. 

 Utility Micro Grids 2.2.1.2

Micro grids can be built on full or partial feeder of distribution substations, micro grid 

can accommodate local loads growth, manage overcrowding in the network and use 

large alternative distribution sources (wind farms, storage, UPS, biomass, etc.). Micro 

grid able to operate parts of network as distinct islands during maintenance activities or 

happening disturbances and faults in main grid while maintaining power delivery to 

customers. Additional services will be available by using utility micro grid such as 

district heating and cooling and ancillary services. 

 Commercial and Industrial Micro Grids 2.2.1.3

Micro grids can be used to provide reliable power to critical and sensitive loads. Large 

customers with multiple loads (university campus, hospital, industrial plants, shopping 

center) can benefit from full control over their power systems by applying micro grid. 

Also end customers can improve their power quality and availability by provided them 

tools when the main utility doesn’t meet their needs. As well as the customer can use 

energy savings such as peak shaving and integration of renewable resources [12]. 

 Micro Grids for Remote Communities 2.2.1.4

Many of remote communities suffer from weak connection or no connection with the 

main utility, these communities need separate infrastructure of electrical grid can 

operate without any supporting from main grid, and the micro grid is a good option to 
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provide remote communities with energy without need any connection with utility and 

allowing the integration of renewable energy sources also controlling remote network 

[12]. An example of remote micro grid architecture is shown in figure 2.2 

2.2.2 Benefits of micro grids 

There are many benefits for using micro grid technologies; first of all it can improve the 

performance of local network distribution system by [13]: 

 Using micro grid technology due to decrease the energy losses from 

transmission lines which connect power stations with the network because micro 

grid is utilizing local generators. 

 Minimum voltage distortion by reactive power control. 

 Dispose of overcrowding and peak loading by utilizing local generators and 

demand management.  

 Improve reliability of the network through islanding capabilities. 

 Make a power management to enclose reliable power to local loads. 

On the other hand the coordination between micro grids is important to achieve local 

distribution improvements. Moreover it shown that utilizing micro grids participation in 

real market has an advantages that reducing energy cost for customers and increasing 

income for operators [14]. 

 

Figure2.2: Remote micro grid architecture [12] 
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 Constructing Energy Management System 2.2.2.1

Some decisions can be made by energy management system (EMS) on power 

generation. These decisions can be based on: load demand, weather, electricity price, 

fuel costs, storage levels and future demand predictions. Generators which are 

integrated with building are an important factor to construct future EMS. The ability of 

EMS in using local generation allow to cost saving strategies such as peak- shaving, 

power, waste heat management and centralized load management[15]. So the concept of 

implementation the micro grid is the fittest for this type of application. 

 Integration of Multiple Sources 2.2.2.2

Micro generation technologies such as photovoltaic, micro turbines, fuel cells, wind 

turbines and storage can be interfaced directly with LV networks. It is utilized beside 

customer loads and can be used to ensure LDC reliability and high quality. The 

problems which be considered challenge for micro grid are ability to make coordination 

for these resources and intermittent nature of renewable sources. So each generators in 

the micro grid is prepared with droop controller manage active and reactive power with 

an internal voltage regulator, moreover micro grid can meet dynamic needs within it 

[16]. 

 Environmental Benefits 2.2.2.3

From features of using micro grids that it allows to make integration for alternative 

energy resources with the grid, as a result it decreases green emission from fossil fuels 

and increases the efficiency of consumption energy. Micro grid helps to find solutions 

for reducing environment impacts that resulting from consumption fossil fuels. 

Moreover micro grid can make good management for peak demand which is help to 

remove load over the grid which reduce the demand from generation plants that support 

peak demand that are always a heavy polluters from fossil fuels. 

 Micro Grid Components 2.3

Micro grid operates at low voltage distribution and figures 1.1 and 2.3 shows the micro 

grid structure. As shown in the figures the micro grid is interfaced with utility grid by 

point of common coupling (PCC) through fast acting switch which is called static 

transferred switch (IBS). The tasks of the static switch are separate the portion of MG 



33 
 

which contains sources, power electronics interfaces and sensitive and non-sensitive 

loads with the rest of the world (main grid), so it is responsible for making islanding by 

disconnecting the clusters of MG from the utility system. In addition it is also 

responsible for automatic resynchronization. [3, 17]  

 

Figure2.3: Micro grid architecture [3] 

Micro grid has a radial shape and contains distributed energy resources, feeders, power 

electronic interfaces (inverters), control systems, energy storage, and sensitive and non-

sensitive loads. There are two types of feeders; the first with non-sensitive loads 

connected with utility grid and the second type with sensitive loads located behind static 

switch and distribution resources connected with it. Electronic interfaces (inverters) 

connected at the output of energy resources to conversion energy from DC to AC and 

regular the voltage of MG to be as utility voltage. So it must be able to regulate voltage 

magnitude at the feeder where they are installed to improve voltage quality. Also there 

are different control strategies to manage both frequency and voltage within grid 

connected and island modes. In grid connected modes the utility grid determines the 

frequency of micro grid and recompense for any changes or faults for loads in micro 

grid with some control techniques. However in island state the integration of large 

number of distributed energy resources (PV, wind turbines etc.) increases instability of 

the MG system; for this reason to maintain safe operation states for MG it must be make 
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isolation between energy resources and feeders of MG by using (VSI) inverters with 

different control strategies[18].  

 Distributed energy resources (DER) 2.4

One of the most advantages of MG that has ability to integration the distributed 

generations in the medium or low voltage part in the main gird. This integration allows 

making decentralization of the energy which can lead to significant benefits of higher 

energy efficiency and enhanced economy [19]. Utilization of distributed energy storages 

and integration of distributed generations are main concerns for stakeholders involved 

in the architecture of future grids [20].  

 

Figure2.4: illustrate connection DER with micro grid [21] 



35 
 

 

Figure2.5: The comparison between centralized and decentralized grid architecture [22] 

 

As seen in figure 2.3 the electrical network is receiving more deployment of distributed 

energy resources (DER). To control impacts of (DER) with controllable loads and 

storage devices on exciting grid, it is suggested to divide them into more manageable 

smaller units which are called “microgrids”. Figure 2.4 illustrate the main benefit from 

utilizing (DER) that convert the main electrical network from centralized power to 

decentralized power which are used inside them alternative sources like ( wind turbines, 

PV, fuel cells, etc.). This conversion that occurred on electrical networks develops it to 

be more reliability and higher efficiency; decentralization technology saving these sets 

(microgrids) from blackouts and interruptions by using different energy generations and 

working in some times without main plant station (island mode). 

There are many reports and studies of several international magazines and scientific 

institutes around the world proof that the energy demand will increase scientifically in 

near next years. The energy report of the International Energy Outlook 2009 (IEO2009) 

published in May 2009 that the world energy demand will rise from 472 quadrillion Btu 

in 2006 to 552 quadrillion Btu in 2015 and 678 quadrillion Btu in 2030 [23]. The net 

electricity generation worldwide totals 18.0 trillion kWh in 2006 while in 2030 the 

projection electricity generation worldwide totals 31.8 trillion kWh as a reference [24]. 

However these reports depend their studies on fossil fuels (natural gas, oil, etc.) to 

generate electricity. That causes global greenhouse gas (GHG) emissions will boost 
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further causing an increase to the surface temperature which will lead to irreversible and 

possibly tragic changes to the earth’s environment [24]. Depending significantly on 

fossil fuels in future days will be cases increasing CO2 emissions in the atmosphere. 

The challenge is to reduce CO2 emissions especially from industrial areas from 50% to 

80% by replacement fossil fuels by distributed alternative resources at the beginning of 

2050 [24]. 

2.4.1 Distributed Energy Resources (DER) definitions 

DER has many scientific definitions from several research institutes and magazines 

around the world. DER refers to the wide range of technologies that provide power to 

the user outside of the grid, and includes demand-side measures. So DER includes three 

parts; distributed generation (DG), distributed power (DP) and demand side 

measurements. 

Distributed generation (DG): It’s any technology or unit that provides energy outside of 

utility grid such as (fuel cell, geothermal, wind turbines, biomass, etc.). 

Distributed power (DP): It’s any unit or technology that provides power or stores power 

such as (batteries, super capacitors, flywheels, etc.) [25]. 

Due to several definitions used in literature from many scientific institutes and 

organizations; DER are defined according to some determinants such as (purpose, 

location, the rating of distributed generation, the power delivery area, the technology, 

the environment impact, the mode of operation, the ownership, and the penetration of 

distribution generation) [26]. 

2.4.2 The purpose   

The ability of distributed energy generation is to provide active power; so the purpose 

of DG is to generate active power without need to provide reactive power [26]. 

2.4.3 The location   

According to location the authors have different definitions for DERs, some of them 

define the location of distributed generation as a customer’s side, but the most of them 

define the location of DG as a distribution side of the electric network, but some even 

include the transmission side of the electrical network [27]. The appropriate definition 
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of DER location is defined as interface the installation of distributed generation units 

directly with the distribution network or with customer side, so the location will be near 

the load [26]. 

2.4.4 Rating of distributed generation 

The maximum rating of DG relies on capacity of DG. It seems that the maximum 

capacity of distributed power stations be in the 100-150MW range. However some 

authors consider the rating of DG from couple of kilowatts to up to ~300MW. Some 

authors classify DGs to some categories determine the rate of DG.  Micro distributed 

generation: ~1 Watt < 5kW; 

Small distributed generation: ~5 kW < 5 MW; 

Medium distributed generation: ~5 MW < 50 MW; 

Large distributed generation: ~50 MW < 300MW [27]. 

2.4.5 Other determinants 

Other factors like (power delivery area, the technology, the environment impact, etc.) 

are not relevant for the proposed definition in literature.  

In general DERs are electric power sources connected directly on the customer side of 

the meter or small-scale power generation sources (typically in the range of 3 kW to 50 

MW) located within the electric distribution system at or near the end user. Provide an 

alternative to the traditional electric power grid. They are parallel to the utility grid or 

stand-alone generators. DERs have been available for many years, and are known by 

several names such as generators, back-up generators, or on-site power systems [25]. 

On the other side IEEE defines distributed generation as the generation or supplying 

electrical energy by different facilities such as alternative energy sources (PV, fuel cells, 

wind turbines, etc.) which are smaller than central generating plants [28]. 

 Distributed Energy Resources (DER) Technologies. 2.5

DERs essentially consist of energy generation and storage systems as shown in figure 

2.5 installed at or near customer side. DERs include a range of technologies like fuel 

cells, PV, wind turbines, biomass, micro-turbines, load reduction, and other energy 

management technologies. DERs also encompass power electronic interfaces, as well as 
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control and communication devices for active operation of generating units and various 

system packages. The main fuel for many distributed energy resources is natural gas; 

however the hydrogen will be important fuel in the future as well as the alternative 

sources such as PV, biomass, wind energy, etc.  
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 Distributed Generation Technologies 2.6

Distributed generation technologies divided into two types traditional generators like 

micro turbines and non-traditional generators such as renewable devices like (wind 

energy, PV, etc.) and electromechanical devices like fuel cells.  

2.6.1 Micro Turbines 

Micro turbine is a small gas turbine and one from the newest alternative energy that 

available in markets. Micro turbines are the most recent of all technologies and if they 

correctly used they will give efficient and dependable power. These micro turbines are 

new combustion type used for stationary generation applications. There is no accurate 

data recorded about the efficiency of these micro turbines but if the waste heat reserve 

they can be supply high efficiency levels of power reach to 80%. They have sizes 

approximately like refrigerator and output from 25 to 500KW. In addition to generate 

energy micro turbines offer clean and efficient solution to mechanical engine markets 

such as conditioner and compressor [56, 57]. Essentially micro turbines can be 

considered as small versions of conventional gas-fuelled generators. A typical 

commercial 60-kW micro turbine is 0.76 m wide×1.93 m long×2.08 m high. The five 

manufacturers are Capstone, GE, Ingersoll Rand, Solar-Turbines Incorporated, and 

United Technologies. The important differences between micro turbines and normal 

turbines are that they run at much higher speeds and are connected to the grid with a 

power electronic converter (PEC). The speed of the turbine is mainly in the range of 

50,000 – 120,000 rpm .It needs a frequency converter for connection to the grid. Micro 

turbines like other alternative resources can locate at or near the point of use (at 

distribution side). They are usually used as a backup source for micro grid when the 

main grid failure. In some cases can be connected in parallel with local electric grid and 

used for peak sharing or sold power back to grid. Micro turbines can be used to supply 

remote rural villages which difficult to connect these remote areas with main utility, 

also micro turbines can connected in hybrid with other alternative resources such as 

wind turbines or PV to provide remote rural places.  Micro turbines are composed of a 

compressor, combustor, turbine, alternator, recuperator, and generator.  The  turbine  

technology  has  been  developed  on  a  refinement  of automotive  turbo  chargers,  

commercial  airplane  on-board  generators  for  ancillary  systems  and military 

engines. Micro turbines can also be classified as simple-cycle or recuperated. In a 
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simple-cycle, turbine mixed fuel and air with compressing and burned under constant 

pressure conditions. Simple-cycle micro turbines have a lower cost, higher reliability, 

and more heat available for cogeneration applications than recuperated units. 

Recuperated units have a higher thermal-to-electric ratio than simple-cycle units and 

can produce 30 to 40% fuel savings from preheating [56, 57]. Using micro turbines has 

several advantages such as high efficiency, strength in working so that it can work for 

11,000 hours of reliable operation, has a fuel flexibility which can be used multiple 

fuels include diesel, ethanol, landfill gas, and biofuels. In addition to that has a clean 

emission system so that it can use methanol and natural gas to generate power with near 

zero emissions. However of all these advantages, micro turbines have some 

disadvantages such as high initial cost per kW [56, 57].  

2.6.2 Fuel cells 

A new alternative technology appeared at the middle of 19th century, and increasing 

attention to develop this technology in the last decades. These disruptive technologies 

(fuel cells) are developed to offer green energy to compensate energy market needs with 

reliability, portable, high quality, cheap energy and reducing greenhouse gases. Fuel 

cells are used to generate electricity for portable particularly transport, small and large-

scale stationary and automotive purposes [42, 43]. Many researches have a great 

attention to create develop of fuel cells which are used in distributed generation systems 

that are called fuel cell distributed generation systems (FCDG). These fuel cells 

(FCDG) can be placed at any site of power grid particularly at distribution sites near the 

user places, so that will reduce the losses result from power lines. In addition to that 

(FCDG) has many advantages like high efficiency, flexible unit structures and low 

emissions [42]. A fuel cell is an electrochemical energy conversion device that converts 

chemical energy of hydrogen and oxygen to DC electrical energy. The principle work of 

fuel cell belongs to generate electricity from chemistry reaction between hydrogen and 

oxygen as shown in formula 2.1. The oxygen for a fuel cell can be supplied from air to 

one of the cells electrodes. However, there is no ready source of hydrogen available 

today. Most fuel cells use natural gas that they convert to hydrogen in a process known 

as reforming. This reaction is exothermic produces heat and water [42, 44].  Fuel cell is 

often consists of two electrodes, a negative anode and a positive cathode These are 
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separated by a solid or liquid electrolyte that carries electrically charged  particles 

between the two electrodes as shown in figure 2.6 [44]. 

         2�� + �� =  2���                                                                                             (2.1) 

Fuel cells are classified according to the nature of the electrolyte. Each type requires 

particular materials and fuels and is suitable for different applications. There are six 

types of fuel cells three of them polymer electrolyte membrane fuel cells (PEMFC), 

solid oxide fuel cells (SOFC), and molten carbonate fuel cells (MCFC) are most likely 

be used for distributed generation (DG) applications. The other three types Direct 

melhanol-air fuel cell (DMAFC), Alkaline fuel cells (AFC) and Phosphoric acid fuel 

cell (PAFC) are mostly uses in transportation sector [42]. 

 

Figure2.7: basic structure of fuel cell 

2.6.3 Photovoltaic cells (PV) 

A PV cell is electrical device convert sunlight to DC electricity through an electronic 

process that occurs in certain types of material called semiconductors.  The solar energy 

release electrons in these materials and let them travel through an electrical circuit, 

powering electrical devices or sending electricity to the grid.  PV cell was first appeared 

in 1839 with high cost. Today the world has more attention to this alternative 

technology to decrease demand on fossil fuels, supplying remote villages which are 

difficult to connect them with main utility and alleviate green gases. Photovoltaic 

systems are used today in many applications such as battery charging, calculators, water 
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pumping, home power supply, satellite power systems, microgrid and so forth. 

Although PV cells have the advantage of providing clean source of energy, their 

installation cost are high and still have relatively low efficiency [45]. A typical PV cell 

generates approximately 0.5 V and a current that very much depends on the intensity of 

the sunlight and the area of the cell. To get more usable values of voltage and current, 

PV cells are connected in series creating a collective voltage, and the series of cells are 

connected in parallel to yield a higher current. All cells are packaged together with 

a pellucid cover (usually glass) and a watertight seal to compose a module, these 

modules are wired together in a series–parallel combination to form a panel that best 

meets the needs of the application. Modules can be interconnected to create an array 

with the desired peak DC voltage and loading current capacity. An array is a group of 

panels that have been linked mechanically and electrically, as shown in figure 2.7[45, 

47]. 

 

Figure2.8: Photovoltaic array designation [45] 

The equivalent circuit that can describe the behavior of the solar cell can be shown in 

the figure 2.8. The equivalent circuit of a solar cell consists of the current source, IL, 
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which is a function of the irradiance, or light intensity. Diode, shunt resistance, Rsh, 

series resistance, Rs, Photo generated current, IL, Ideal diode current, Id. PV systems 

can be classified according to some external factors such as moving clouds. PV systems 

can be divided to two types: grid connected systems are used in residential and 

industrial systems and standalone systems. There are two types of standalone systems 

depending on the load: power needs primarily lighting, communication, entertainment, 

and resistive loads [45].  

o Stand-alone PV system with DC loads; with battery storage. 

o Stand-alone PV system with AC loads; with battery storage. 

 

Figure2.9: Equivalent circuit of solar cell [45] 

PV systems vary according to their output power so they can be very small (less than5 

W), small (5 W–1 kW), Kilowatt size (1 kWto a few 10s of kW), and intermediate size 

(10kW–100 kW), or a large-scale system (1 mW or larger) which is connected to a 

utility grid for commercial or utility power generation [45, 46]. Today PV cells can be 

made from three main different technologies determined by the materials that are used 

to manufacture them. The first one is Crystalline silicon Made from thin slices cut from 

a single crystal of silicon (monocrystalline) or from a block of silicon crystals 

(polycrystalline), with an efficiency ranging between 16% and 19%. The second is Thin 

Film Made by depositing extremely thin layers of photosensitive materials onto a low-

cost backing such as glass, stainless steel or plastic. Lower production costs 

counterbalance this technology’s lower efficiency rates (from 10% to 15% average) [47, 

48]. The third are multi junction cells are being developed today including concentrated 

photovoltaics.  Consist of multiple thin films, are originally developed for special 

applications such as satellites [46, 47].  
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2.6.4 Wind Turbines 

Wind turbine is a machine which converts the kinetic energy  of the wind into electrical 

power. So wind turbines used to convert wind power to mechanical power generating 

electricity. Wind turbines usually connecting with each other to form wind farm feeding 

main grid. The largest size single turbines can have an output of around 5-6 MW [49]. 

The equation for wind power is �� =  
�

�
��� =   

�

�
����                                            (2.1)  

Where: 

o m = mass = density × volume  

o v = velocity of the wind 

o ��  = wind power 

o ρ = power density  

o A= area that air is passing from it. 

The equation 2.1 can be written by terms of wind velocity v and energy conversion 

efficiency µ, as shown: � =  
�

�
μ���                                                                          (2.2)  

The energy extracted by the turbine is given by the kinetic energy of the air flowing into 

the turbine blades minus the kinetic energy of the wind flowing out of the turbine blades 

minus any frictional energy lost in the moving parts of the turbine and the generator:  

� =  
�

�
����

� − 
�

�
�����

� − ���������� ������                                                            (2.3) 

If there are no any frictional losses the efficiency of wind turbine will not be more than 

59.3% of the total kinetic energy of the air flowing through the turbine [50, 51]. 

Turbines can be divided into three main components as shown in figure 2.9:  

o The structural support component: All machines need a supporting tower to raise 

themselves up into the free wind stream. The structure is approximately 15% of 

the wind turbine cost. Includes the tower and rotor yaw mechanism. 

o The generator component: that is approximately 34% of the wind turbine cost, 

includes the electrical generator, the control electronics like a gearbox 

component for converting the low speed incoming rotation to high speed 

rotation suitable for generating electricity.  

o  The rotor component, which is approximately 20% of the wind turbine cost, the 

rotor is the heart of the wind machine because it is the component includes the 
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blades and gathers the wind to converts the kinetic energy of the wind into 

mechanical power that can be used to generate electricity. Also, the shape and 

location of the rotor defines the kind of device and how it works [53].  

 

Figure2. 10: Components of wind turbine [52] 

Wind turbines can be classified into two types: Horizontal-axis wind turbines (HAWT); 

have the main rotor axis and electrical generator at the top of a turret, and pointed into 

the wind as shown in figure 2.10. And Vertical-axis wind turbines (VAWTs); have the 

main rotor axis arranged vertically. Main advantage of this arranging is that the turbine 

does not need to be pointed into the wind to be efficient, which is an advantage on a 

location where the wind direction is highly changing [49]. Using wind turbines have 

some environmental impacts; they create noise and visual pollution, so the people live 

beside them suffer from shadow flicker and eyesore. Also people complain that wind 

farms destroy view shed and cause immigration of birds and bits [50].  
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2.6.5 Biomass energy 

Biomass includes all living species or recently living organisms such as plants, forests, 

animal wastes, and some industrial wastes and by-products. Biomass energy is a process 

that derives fuel from biomass materials. It is old energy on the earth and may become 

one of the most significant energy resources in the future. One of the most significant 

biomass types is Cellulosic biomass that derives bioethanol from starch then it can be 

used as a biofuel for transportation and power plant [54, 55]. Biomass resources can be 

classified into three categories: the first organic waste such as livestock excrement and 

food residues. The second unused biomass includes inedible parts of agricultural 

products. And the third resource crops such as corn and rice which can be used to 

produce bioethanol and biodiesel. The end products that are derived from biomass can 

be divided to six types: (1) materials such as plastics, (2) thermal energy, (3) electric 

energy, (4) fuel, (5) fertilizers and feed, (6) raw materials of chemical products such as 

amino acids. Using biofuels which are extracted from biomass instead of fossil fuels in 

transportation and power generation reduces carbon oxide in the atmosphere which is 

helping to attenuate global warming [56]. There are three types for biomass conversion 

process; the first process by high temperature heat which is called thermal conversion. 

This mechanism is used to convert biomass to another chemical form.  The second 

mechanism is the thermochemical process uses combustion and chemical process to 

convert biomass to gaseous fuel or produces a liquid fuel. The third is a biochemical 

route in this case; the fermentation process can produce biogas, alcohol, and hydrogen 

generation. Also, the photosynthesis process conducted by some phototrophic 

organisms can finally generate hydrogen [54]. Using technology of biomass energy has 

many advantages: Reduce the carbon oxide in the atmosphere by achieving the balance 

between emission and absorption of carbon oxide by photosynthesis process of plants. 

Also it is easy to use; it is available almost anywhere on earth. A diversity of biomass 

can be converted into different products in the form of solid, liquid, gas, and power. 

Biomass has able to transportable and storage among several renewable energy sources 

so that its production can be adjusted to accommodate changes in output demand. Its 

use is not limited to energy; fuel is only one option among the many other potential 

uses. Biomass has been used for multiple purposes: food, animal feed, fertilizer, fiber, 

fuel, medicines, and materials for various crafts and buildings. Waste biomass that has 

been viewed as detrimental to environment can be used to extract energy [54, 55]. In 
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despite of these advantages of biomass, it also has some disadvantages. Biomass gives 

low energy intensity than fossil fuels. It has less efficient than fossil fuels in conversion 

to liquid fuels. The resources of biomass usually distributed in small amount across 

extensive areas. One of the modern applications of using biomass energy appearing 

recently in Turkey is botobus (buses uses biomass energy instead of diesel) which is 

designed and manufactured by Istanbul municipality (IETT). The idea of these buses 

depends on biodiesel that is derived from plants by some chemical process. These buses 

are new eco-friendly public transport option that features an organic rooftop as a 

garden. The project aims to reduce carbon oxide from the atmosphere in the city and 

mitigate global warming. Furthermore the existence of plants at rooftop of buses 

decreases the temperature degree inside the buses, so that will save the energy used by 

air conditioner.   

 Energy storage devices 2.7

It is a technology that believed to be used extremely in the future. Because energy 

storage able to store energy during peak hours. By doing this the grid can be designed 

for less than peak power. There are a few ways to store energy. There are a variety of 

storage devices such as batteries, super-capacitors, super-inductors, flywheels, and 

water pumping [58]. These devices vary in their characteristics; method of operation, 

and accordingly, the tasks that they can perform. It is difficult to store AC current. And 

it is easy to store DC currents. Energy storage devices can have important roles in DG 

systems, such as enabling fast load pick-up, confirming the reliability, and enhancing 

the generation profile in non-dispatchable sources [60]. In battery storage the energy is 

stored chemically in batteries. Kinetic energy can be stored in flywheels and potential 

energy in pressured air. Energy storage generators are connected with the utility or load 

via a power electronic converter; generally a voltage source inverter [59]. 

2.7.1 Batteries 

The batteries are the traditional storage energy systems so that there is considerable 

attention to develop battery systems. Batteries have a feature that able to store high 

energy. Batteries come in all sizes and shapes to fit a diversity of applications. Portable 

devices are based on lithium, cadmium, nickel, silver and zinc chemistries providing 

high power densities, but are very expensive. Lead- acid batteries are the new 
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technology that is suitable for utility applications, because of the good balance between 

high density of energy storage and their cost [60]. Lead-acid  batteries  are  available  in  

almost  any  size  and  are  already  used  in  many applications that require back-up 

power, such as UPS  systems. Lead-acid batteries are 80 to 85% efficient. New 

technology improvements have  raised  the  energy  storage  density  and  have  

extended  the  battery  lifetimes.  The design of the battery and chemical reactions that 

used for energy storage is determined by discharge rates.  Batteries store energy in 

chemical form and are charged and discharged by means of a DC current. Figure 2.10 

make a comparison between some types of batteries and ultra-capacitor which we will 

explain it in the next section [58]. It’s clear from the figure that batteries have high 

energy density with low power density; that means batteries have ability to store high 

energy with low charging and discharging when they compare with ultra-capacitors.  

 

 

Figure2.11: Comparison between batteries types and ultra-capacitor [61] 

2.7.2 Ultra-capacitors (Super-capacitors) 

A capacitor is an electronic device that stores energy in the electric field created 

between a pair of conductors that have equal and opposite charges. Energy can flow 

quickly in and out of capacitors with extremely high efficiency. Super-capacitors Like  

traditional  capacitors,  they  are  composed  of two  electrodes  with  a  very  thin 
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separator. Super-capacitors are very-high-capacity electrolytic devices that store energy 

in the form of electrostatic charge [58]. Their technology is not yet mature so it is very 

rare to find them in current applications but its new storage technology famous in new 

transportation (buses and trains), hybrid systems and new microgrids.  Energy  storage  

capability  is  proportional  to  the  surface  area  of  the  electrodes.  The system uses 

power electronics to charge and discharge the DC field in the super-capacitor where the 

energy is stored.  Because super-capacitors  can  have  very  high  discharge  rates  so 

they use to handle fast load changes in a microgrid,  although they don’t provide large 

storage capability  like  a  battery  system [58, 59].  The  performance  characteristic  of  

a  super-capacitor  is similar  to  the  flywheel that have low energy density with high 

power density as we will see in the next section,  but  these  devices  have  the  

advantage  of  containing  no  moving  parts. Figure 2-11 [62] shows comparisons 

between ultra-capacitors and batteries versus their energy density and power density. 

There are some famous manufacturing companies that produce super-capacitors such as 

Epcos, Maxwell Technologies, TJTechnologies, and Zeon Chemicals. 

 

Figure2. 12: comparison between ultra-capacitors, batteries, and fuel cells of energy 
stored 

2.7.3 Flywheels 

Flywheel technology is usually used to support grid with power when there is failure in 

the main utility and electricity is shut down to when the backup generators get up to 

speed. A flywheel is a heavy metal wheel attached to a drive shaft, having most of its 

weight concentrated at the circumference, The wheel resists changes in speed and helps 
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steady the alternation of the shaft where a power source, such as a piston engine. The 

defining property of a flywheel is the spinning of a body on an axis. The basic 

components of flywheel are rotor (desk), evacuated chamber, Bearings, and 

transmission system [58, 60]. A unit on the market today consists  of two  600  pound  

steel  flywheels  rotating  at  7000rpm  in  a  vertical  axis  configuration and  operating  

in  vacuum to  ensure  low  noise  emissions.  They  are  provided  with  an  integrated 

motor-generator coupled with power electronics  to convert the variable frequency of 

the  power created by the flywheel  to  a steady DC  output.  This system can provide up 

to 250kW for 15 seconds.  Flywheels  applications  in  UPS  systems  are  usually  used  

in  conjunction  with batteries:  the flywheel picks  up the transient requests,  while the 

battery takes  care  of the longer time  request.  This  setup  increases  the  lifespan  of 

the  batteries  that  is  degraded  when  they  are required to repeatedly respond to  short 

term dips in the power supply. Flywheels like super-capacitors have a high power 

density with low energy storing. There are some of famous manufacturer companies of 

flywheel such as Active Power, AFS Trinity Power Corp., Beacon Power, Pentadyne, 

and Precise Power. 

 Micro-Grid Operation Mode 2.8

2.8.1 Grid connected mode 

Energy management of micro grid has been operated by energy storage systems and 

control of energy flows in both operation modes; its means with connected and without 

connected to utility grid. In this case the micro grid must be able to operate importing 

and exporting from and to the main grid to manage active and reactive power flows and 

energy storage. In case of grid connected mode because the main grid is connected with 

micro grid so it is effect on dynamic system of micro grid and has a large range because 

of small size of DG units. Another problem of this mode is the slow response of control 

signals when occur changes in power output. It must be vertical inertias prepared with 

loop control of the power electronics interfaces because the lack of the synchronous 

machines connected with low voltage grid. Moreover the power balancing process in 

transient response is supported by power storage devices such as super capacitors, 

batteries, or flywheels. After blackout (connected with main grid) the micro grid start 

progressively interfaces loads and DG and imposes itself the frequency and amplitude 



51 
 

conditions. Then all DG generate a specified power to reduce importing power from the 

main grid [3]. 

2.8.2 Islanded mode 

Micro grid can operate without connected with utility grid by open the intelligent 

bypass switch between it and main grid, then micro grid operates as a separated area 

with own DG units that regulate frequency and amplitude voltage of micro grid. Micro 

grid can operate in this status in the following two cases;  

 Preplanned islanded operation: when the main grid has some abnormal events 

such as long time voltage drops, faults and errors, islanded operation mode must 

be started. 

 Nonplanned islanded operation: when happen blackouts due to disconnect 

with utility grid then micro grid must detect this event by suitable algorithms.  

In islanded mode (autonomous mode) it can be noticed that frequency and amplitude of 

micro grid has deviations from the nominal frequency and amplitude of the main grid 

due to inject different types of DG units to micro grid which make proportionally these 

deviations. So in autonomous mode DG units are responsible for nominal voltage and 

stability of frequency in micro grid. When operating participation of power by DG units 

inside micro grid it’s important to avoid overloading on inverters and make suitable 

control to ensure changes of loads. Some of these control techniques based on 

communication links as master slave scheme and be more economic and more reliable 

when it connected through a low bandwidth system. The micro grid must satisfy the 

following issues in autonomous mode operation:  

 Voltage and frequency management: The system operates as a voltage source 

and controls the power flow through adjusting frequency and voltage by voltage 

loops. 

 Supply and demand balancing: In grid–connected mode the frequency is fixed 

by main grid but in islanded mode it can be obtained the change in power angle 

between main grid and micro grid. 

Power quality: can be achieved by two levels, the first is reactive power compensation 

inside the micro grid; the second is the harmonic compensation at PCC. 
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2.8.3 Transition between Grid-Connected and Islanded Mode 

Intelligent bypass switch (IBS) is responsible for disconnecting the micro grid from the 

main grid and converting the operation of micro grid from grid connected mode to 

islanded mode as shown in figure 2.3, when the power supply or power station shut 

down or when some faults and errors occur in the main grid IBS is opened and the 

micro grid is disconnected from the utility grid and the restoration process be reduced to 

ensure a high reliability level. The amplitude of voltage and frequency can be measured 

inside the micro grid, and operation points (Pand Q) avoid the frequency deviation and 

amplitude of the droop method. When the micro grid is in islanded mode, and IBS 

detects utility grid fault-free stability, synchronization among voltage, amplitude, phase, 

and frequency must be obtained for connecting operation [3].      

 

Figure2.13: Operation modes and transfer between the two operation modes by IBS [3] 

 Inverter Topology 2.9

Inverters are electrical devices convert direct voltage or current to alternating voltage or 

currents. So to generate sinusoidal ac waveforms from dc power supplies must be used 

inverters with making a controller for magnitude, frequency and phase to get pure 

sinusoidal waveforms. The aim is to create a clean and reliable AC voltage where only a 

DC source is available. Inverters are used in many applications such as adjustable speed 

drives (ASDs), uninterruptible power supplies (UPSs), computers, emergency 

equipment, telecommunications, industrial processing, online management systems 

static var compensators, active filters, flexible ac transmission systems (FACTSs), and 

voltage compensators. Ac output waveforms determine the type of inverters; so if ac 

output is a voltage waveform then this inverter will be considered as voltage-source 
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inverters VSI. These structures are the most widely used because they naturally behave 

as voltage sources as required by many industrial applications. If ac output is a current 

waveform then the inverter will be considered as current-source inverters (CSIs). These 

types are mostly used in medium-voltage industrial applications [63, 64]. Inverters can 

be classified to stand alone and grid connected inverters. Both types have several 

similarities but are different in terms of control functions. A stand-alone inverter is used 

in off-grid applications with battery storage. The inverters have additional control 

functions such as operating in parallel with diesel generators and bi-directional 

operation (battery charging and inverting). Grid influenced inverters must follow the 

voltage and frequency characteristics of the grid generated power presented on the 

distribution line. For both types of inverters, the conversion efficiency is a very 

important estimation [65]. Inverter consist as shown in figure 2.14 of DC power part 

connected with capacitor with approximately value 2000 µF. the capacitor connected 

with six IJBT transistors or MOSFET structure to compose three legs for three phase 

transistor. IJBT structure interfaced with LCL filter or LC filters. To get a single phase 

inverter, it can be used one leg or two legs. These IJBTs works like gates by powering 

them with PWM, it can be generated pure output sin wave signal. The values of voltage 

and currents are calculated by sensors which send these values to controller make a 

modifying of them and then send these modified values to PWM to get more pure sin-

wave signals [63]. Inverters can be classified to four topologies as shown in figure 2.15. 

in the first structure in figure 2.15 if we have DC source as a PV source or battery with 

30V value and it is needed to get 300V AC, the first structure consists of two parts the 

first part boost DC converter make step up of the DC value then this value be converted 

by inverter to AC value which connected with DC boost converter in series. In the 

second structure which is commercial part and mostly used in applications consists of 

inverter that convert DC source to AC then this small AC values are stepped up by 

transformer that connected with inverter in series connection. In the third structure the 

first part make inverting and step up. So if there is a PV source interfaced with it at first 

inverting DC to AC then step up AC value by transformer and rectifier it to DC value. 

After that inverter convert this value to AC. The last structure imposes that inverter 

connect with many PV modules that give high DC values, so the inverter then just 

convert these values to AC [64, 65].  
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Figure2.14: Three phase inverter structure 

 

 

Figure2.15: Topologies of inverter 

In many research and papers boost DC converter is used because it has many 

advantages such as high efficiency, economic, and achieves high voltage conversion 

ratio with low duty ratio. DC/AC converter with transformer has many disadvantages 

and not be advised to use in power systems because it is not economic, low efficiency, 

and it must be use a huge transformer to get required AC voltage. DC/DC topology uses 

high frequency transformer and has a good efficiency but lower than boost converter. 
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However voltage source inverter has a high efficiency to transform from DC to AC but 

it be used with many PV panels to get high DC voltage.  

 Issues of micro grid 2.10

There are several issues and technical problems which are caused by microgrid during 

its operation and control. Microgrid sometimes passes through cases of power shortage 

causing power interruption, in this case microgrid shifts to autonomous mode of 

operation. So there are some features and issues must be available in MG to operate 

efficiently. MG must be switched to suitable mode of operation either grid connected or 

island mode and ability to synchronize safely with main utility. Also MG must provide 

voltage and frequency protection during island operation and ability to resynchronize 

safely interfaced with main grid. In addition to that MG must ensure stable operation 

during faults and various network disturbances. Furthermore there are issues like power 

quality, voltage and frequency control, power flow balancing, load sharing during 

islanding, protection, stability, integration of small scale renewable energy generation, 

and grid synchronization must be considered and achieved during MG operation [66, 

67].  

2.10.1 Islanding detection 

One of the critical aspects of microgrid operation is the detection of islanding 

conditions. The disconnection of the main source is called islanding. Microgrid must be 

operating efficiently in grid connected with utility and in island mode. Some technical 

problems can be occurred during operating MG with utility like power shortage or 

burning in some transformers that connected the MG; in these cases according to IEEE 

1547–2003 standard the maximum delay should be cutoff MG from the main grid is 2 

seconds. Because if MG is continuing connected with utility and assuming that local 

load can be need high power more than the ability of inverter then this inverter will be 

burn. Or assuming that local load will be smaller than the ability of inverter in this case 

the electrical lines which don’t have electricity will have electricity and this zone will 

be dangerous to maintenance workers [68]. The islanding can be can be either 

intentional or unintentional. In the case of intentional islanding make a structure 

“island” during system disturbances because of the errors. However, in zones where 

island mode operation the active part of the distribution system should sense the 
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disconnection from the main utility and cut off the power on the distributed generators. 

Undetected island MG is usually called “unintentional islanding” in this case undetected 

or occurrence delaying on detection of MG to cut off it from main grid more than 2 

seconds may lead to many problems of power quality, safety, voltage and frequency 

stability, and interference [68-71, 72]. Today there are many researches on unintentional 

islanding detection to ensure that the system is operated under the standard 

requirements. Also in some different researches islanding detection can be classified to 

planned and unplanned islanding. Planned islanding is defined as microgrids still supply 

electric power to local load reliably when they are disconnected from main grid. This 

status is called controllable operation. Unplanned islanding is an undesired event due to 

line tripping, equipment failure, and human errors, with microgrids disconnected from 

the utility. And this situation is uncontrollable operation mode [72, 73]. Islanding 

detection can be applied by various techniques and methods and can be classified to 

central (remote) methods and local methods. Remote methods are based on the 

communication between microgrid and main grid to monitor breakers immediately, 

Signal Produced by Disconnect, and Supervisory Control and Data Acquisition. Remote 

methods are very effective in huge systems composed from multiple-inverter systems, 

and don’t use for small systems because they need large amount of investment. Local 

methods are based on measurement of some parameters or variables on the microgrid 

side. Local method is divided to passive methods and active methods. Passive method 

monitors parameters or variables and includes Voltage and current harmonics detection, 

Over/under voltage and over/under frequency, Rate of change of frequency, Rate of 

change of power output, and Phase jump detection. However active method injects a 

disturbance to detect whether it affects voltage, frequency, power or impedance 

parameters, and includes some functions such as detection of impedance at specific 

frequency, impedance measurement, negative-sequence current injection, and variation 

of active and reactive power [68-70, 73].  

2.10.2 Protection 

The microgrid is formed the protection of the system which is the major attention 

particularly in islanded mode of operation. However Protection system in microgrids is 

required to operate in both interconnection and isolated operating modes. Whereas the 

distributed generation (DG) is the biggest changes to the distribution system by 
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integrate renewable energy sources into the distribution system, traditional protection 

schemes used need to be re-evaluated with the integration of DG associated with 

customer loads. The interconnection protection varies widely depending on factors such 

as: generator size, point of interconnection to the utility system (distribution or sub-

transmission), type of generator (DC, synchronous, asynchronous) and interconnection 

transformer configuration [67, 74]. Newer DG systems are using electronic power 

converters (inverters) which results in particular consideration for DG protection.  The 

influence of DG on present systems must be tested through detailed simulations and 

protection studies. In case of fault on the main grid’s side during the interconnecting 

operating mode, it is required to isolate the microgrid from the grid as fast as possible to 

protect the microgrid loads. And in case of error inside the microgrid it is required to 

isolate the faulted part of the system [74].The protection systems of microgrids are 

based on short circuit. That is meaning microgrid protection systems are used usually 

protective devices. Among them are the fuses, circuit-breakers and over-current definite 

devices. The distribution protection is a short circuit current sensing based [75].The 

protection system must clearly determine the boundary between abnormal and normal 

operating modes of the utility grid. A suitable circuit-breaker must be installed at the 

point of common coupling (PCC). The speed of isolation is dependent on the specific 

properties of the microgrid’s loads. There are some kind of Micro-sources which are 

based on power electronic devices cannot supply the required scale of short circuit 

current. Some power electronic devices cannot response to high level of overcurrent. In 

these situations the microgrid should be disconnected from the main grid during the 

time less than 50 milliseconds after an abnormal mode in the network is started. 

Protection system can’t achieve high speed operation with usual circuit breakers; in this 

case the microgrid design requires new approaches in relaying design. For the 

protection of the microgrids generally differential protection system or zero sequence 

voltage relays are used or a very fast disconnecting transfer trip system must be 

installed between the circuit-breaker and the main grid [74, 75]. High amplitude 

currents are appeared because very high speed disconnection operations are achieved. 

Due to this, suitable grounding of microgrids must be supplied. Furthermore the 

protection system that operates with the microgrid in the island mode must determine 

the error currents from the maximum load currents when the microgrid operates in the 

grid-connected mode, because these currents can also be very high [75]. When there is a 

fault inside the microgrid during grid connected mode, the protection system must 
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operate to isolate the smallest area that contains the faulted part to eliminate this section 

from the grid [75].   

2.10.3 Active and reactive power sharing 

Today there is a big attention to high quality and uninterruptable power systems (UPS). 

Critical and sensitive loads are widely used specially in the industrial sectors. Therefore 

it is important to supply these loads continuously with power. These applications need 

high quality and continuously power so that UPS is mostly used in these applications 

such as health equipment, data acquisition and processing systems and 

telecommunication services [76-78]. So there is increasing in needs and demands on 

using UPS. However the capacity of UPS has can be increased to limit capacity. 

Whenever users increasing the load with be increased, so the grid with be bigger. High 

electrical grid requires high power UPS and these UPS always have high costs. In 

addition to that any fault occurs in this UPS unit will effect to the whole system. To 

solve these problems it must be used small parallel UPS units instead of the big one to 

be more efficiently [78, 79]. In addition to that these small units provide the system with 

high power capacity so grid will be more reliable. Because when fault occurs in one 

unit, it will not prevent the other units providing power to the grid. These units (UPS or 

inverters) can be controlled and there are various methods to control these units. The 

idea to make these controllers depends on sharing active and reactive power on loads 

proportionally with the capacities of inverters or UPS [78, 80]. There are several types 

of controller and classified to two main types. The first type depend on communication 

lines and includes concentrated control method, master slave method, and distributed 

logic control method. The concentrated control is performed by independent inverter 

sends a synchronization signals to the other inverter units then each unit computes its 

own output error and modifies its own variables to correct this error. Master-slave 

control method; one of the inverters be a master and the others will be work as slave, so 

the master inverter control of voltage whereas slave units will be control of current. 

Distributed logic control; the controller generates signals by collecting voltage and 

current information from the units and send them to UPS unit to obtain synchronization 

and current control [78, 81-82]. The biggest problem of these methods is the 

requirement of a communication line between the units. Noise related problems on the 

communication lines cause unreliable operation and generate constraints on the 
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locations of the units [83]. To overcome communication problems, data transfer through 

power line at a different frequency is suggested for the systems that do not have a 

communication-line between the units. Droop control method is used. Each controller 

uses only the output information of the unit which is designated to control. Active 

power sharing depends on the frequency of the system and the calculated output 

frequency. Whereas the reactive power sharing is performed by using the voltage of the 

system [83].  

 Micro grid applications in the world 2.11

The significance of MG lies in its ability to intelligently manage and control the main 

grid with integration distributed energy resources such as (wind turbines, PVs, etc.) with 

utility. Also using MG is enabled to supply remote villages with electricity by 

connected them with small distributed energy resources. In addition to that the utilizing 

MG leads to easily solve the electricity problems, remote controlling and monitoring the 

main utility, and discover the faults and solve them automatically. MG depends on 

integration distributed energy resources with the grid and this leads to decrease the 

green houses gases by reducing use the fossil fuels. All of these factors promoted 

scientists and researchers to integrate and develop MG with the main gird. So today we 

can find many applications of microgrid around the world for instance we have a 

practical example of MG in Turkey at Yildiz Technical University. The project which 

has produced by YTB can be classified below Customer Systems (CS). The project is 

Development of a Smart Grid-Compatible Smart Home Prototype with the aims of 

Improving Energy Efficiency and Lowering Carbon Emission. The budget of the project 

is over 0.5 million dollar. The project is a smart home firstly will be applied in the 

campus of the university then will be available in many aspects to apply them in 

Turkey. The purpose of the project is to reduce dependence on natural gas to generate 

electricity and generate it from alternative energy sources. This project generates 

electricity by using hybrid system consists of PV cells and wind turbine. Also there are 

batteries for store energy. Furthermore uses new communication technologies to 

provide communication of the appliances in the house. Finally, the data required by end 

user such as daily and weekly consumption values of each appliance will be provided 

online with a user. The system will lower the energy consumption by controlling the 

appliances without tumbling the rest level. This system will achieve high efficiency in 
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the house and easily to use. Beside this project there are many other projects around the 

world such as Acea Distribuzione smart metering in Rome in Italy and Energie AG in 

Austria [84].  
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CHAPTER 3 

CONTROL STRATEGEGIES IN PARALLEL OPERATION OF 

INVERTERS 

 Introduction 3.1

Today fossil fuels are the essential factor in generation electricity. Attention to integrate 

distribution energy resources in main grid to mitigate depending on fossil fuels leads to 

great interest on developing recent grids. Due to increasing green gases at the 

atmosphere from burning fossil fuels, friendly alternative energy generation systems 

such as (fuel cells, biomass power plants, wind turbines, photovoltaic solar systems, and 

hydro power turbines) have been developed to interface with the grid or smart grid and 

also will be part of future power generation systems [1]. So there are many control and 

operation strategies have been developed to interface these distributed generation 

sources into the grid or microgrid in order to maintain the power quality of the 

distribution system. The control strategies manage active and reactive power of the 

power electronics (inverters) that connected distributed generation systems with the 

microgird. In addition to that control techniques manage the power of storage devices 

and uninterruptable power systems (UPS). So the main grid has been decentralized by 

many and small generators and storage devices. The decentralized system composed of 

small parallel electrical devices instead of whole power plant for more efficiency and 

avoiding interruptions with grid when faults occur [5]. So that’s mean the microgrid 

concept is required to achieve an autonomous control and a continuous operating of the 

systems even in case of loss of any components or generators and to supply unhindered 

connection of the additional micro-sources. A microgrid should be open so that new 

device can be connected to the grid. Anyone should be able to connect his own 
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generating, load units or additional subsystems. In other words, it should operate and 

changed automatically without support from engineers. It is called that the system 

possesses “plug and play” properties [86]. The inverter is considered a fundamental 

component at the microgrid side of such systems due to the wide range of functions it 

has to perform. It has to convert the DC power to sinusoidal current to supply the grid. 

It also has to handle the variations in the electricity due to altering levels of generation 

by the distributed generation systems, loads and grid voltages [85]. So the inverter 

appears to be the main universal unit building block of future smart grids especially at 

low and medium voltage. Each unit of the grid supplies a group of functions under 

managing from the power electronic control devices. These control systems should be 

able to manage the power flow on the feeders, regulate the voltage at each micro-source 

and ensure that each micro-source increases or decreases immediately its generating 

power according to the requirements of the microgrid when the systems transforms to 

island [86]. . 

 Principle of parallel operation of inverter 3.2

Power system can be in stable status when there is a balance between generated and 

consumed active and reactive power. So make a control system for P and Q is very 

important to maintain distribution system in stable status. The  real  (P1)  and reactive  

(Q1)  power  transferred  from  the  inverter  to  the  common bus  or  grid  can  be  

calculated  as  described  in the following equations [87].  
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E1: inverter output voltage.   

Vg: grid voltage. 

Vg and E should have the same amplitude with a phase angle difference for real power. 

Reactive power circulation can be result from different amplitude of voltage with the 

same phase. However real and reactive power flow can be resulted When  both  of  the  

magnitude  and  phase  angle  differ between  the  two  voltage  sources. So to control 

real power flow, it must be making a control of frequency which controls the power 

angel. output impedance  of  the inverter must be small also  ∅� ( the phase angel 
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between output inverter and grid voltage) must be very small to maintain good real 

power flow, and any small change in ∅� will result a  very  large  imbalance  in the  

active  power  flow [88]. In the parallel operation the  output  voltage of  all  inverters  

must  be  maintained  accurately  in  phase  to  guarantee equality  of  the  output  active  

power  for  the  corresponding  inverters [5]. if  inverter  output  voltage  magnitudes  

differ  from  each  other this status will result overload  over  inverters and this 

condition is undesired. There are two ways to prevent dc link over-voltage and 

circulating current. The first by using isolation transformer and this method is called 

passive control measure. But in high power systems the size of transformers are so big 

and this is a problem. To solve this problem they use some active methods such as zero-

sequence current control loop and coordinate control [89]. Recent researches on parallel 

operation of inverters in distribution system interested in two applications; island mode 

grid and grid connected mode. In island mode distribution generation systems supply 

the load of all the power needed. In grid connected mode DER connected in parallel to 

the grid and supplies it with power to cover increased power required by the loads. The  

power  system  may  become  unstable  under  the heavy  load  condition  and  resulting  

voltage  drops  that  can lead  to  a  voltage  collapse, so when DER connected with grid 

the voltage must be stable and the system must provide optimum energy. So there is a 

wide attention of control strategies of parallel inverters in microgrids [5].    

 Control strategies in parallel operation of inverters 3.3

The control strategies in parallel operation of inverters in distribution systems either 

connected with grid or off the grid can be categorized to two types. Active load 

sharing/current distribution and droop control. Voltage source inverters and 

uninterruptible power supply (UPS) operate in parallel and they are sensitive to 

disturbances from the load and can be damaged or burned by over current. When  two  

or more  inverters  operate  in  parallel,  the  following  conditions  must be  achieved:  

(1)  amplitude,  frequency  and  phase  synchronization among  the  output  voltages  of  

inverters,  (2)  suitable  current  distribution  according  to  the  capacities, and (3)  

flexibility  [5].  
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3.3.1 Active load sharing/current distribution 

The work idea in this type of controller is to generate a reference current for each 

parallel-connected inverter. This model of controller can be categorized to these types: 

(1) central limit control (CLC); 

(2) master–slave control (MSC); 

(3)  Average current sharing (ACS)/distributed logical control (DLC); 

(4) Circular chain control (3C);  

In CLC controller all units of controller must have the same configuration, and every 

unit tracks the average current to distribute equal currents. DSP-based control for the 

voltage and current controller can achieve the perfect currents in this type of control 

[90]. In  the  MSC  method,  one  inverter  is  specified  as  the  master to control the 

voltage,  and all  others  are  specified as  the  slaves to control the currents. So in this 

method voltage-controlled inverter is used as a master unit and current-controlled 

inverters as the slave units. The voltage-controlled inverter (master) is improved to 

maintain a constant sinusoidal wave output voltage. The current-controlled inverter 

modules are operated as slave controlled to track the distributive current [91]. In this 

method the inverters do not require a phased locked loop (PLL) circuit for 

synchronization since these modules are interlinked and are communicating with the 

power plant [1]. In this method if the master unit fails, the system will shut down. And 

this is a big problem. This problem can be solved  by using a separate current-controlled  

PWM  inverter  module  to  create  the  distributing current  independent  for  the  slave  

inverters. Accurate current division between the inverters is very important. This  

strategy  is easy  to  accomplish  in  the  parallel  operation  of  UPS. The output current 

of all parallel connected inverters are collected and all inverters are known in MSC 

method. If one of the parallel-connected inverters fails, the parallel-connected system 

will fail [5]. In the ACS/DLC mode, a separate control circuit is used for each inverter.  

The current control mode is used to control its output current and to trace the same 

average reference current.  When a fault is found in any unit, other units can still 

operate in parallel [92]. In the 3C method every unit tracks the current of the previous 

module to give perfect and equal current distribution. And the first unit tracks  the  last  

module  to  compose  a  circular  chain  connection. The output voltage and current of 

each inverter can also be changed and controlled to get a fast dynamic reply [93]. All of 
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these types of load sharing control are be used to eliminate the circulating currents 

resulting from unbalance of parallel inverters. These techniques (load active sharing 

methods) have some features such as that have ability to make good load sharing, 

transient response and reduce circulating currents between inverters, however they have 

many disadvantages. The major problems for these methods that not truly redundant and 

have a single point of failure. Other disadvantages of these methods are that the stability 

of the micro grid system depends on the number of slave units in the distribution 

system. And need communication and interconnection between the inverters and this 

reduce the reliability of the system. Communication techniques have limited bands and 

can be influenced to disturbances, so using these techniques reduce the reliability and 

stability of power systems [5, 1]. To overcome of these problems and failures and avoid 

the communication techniques droop control methods have been used [5].  

3.3.2 Droop control method 

Droop control is also known as a wireless control because in this method there is no any 

interconnection or communication between the inverters. In this method the parallel 

inverters are controlled by the way of frequency and magnitude of the reference voltage 

signal follows the droop when load currents increase. Then these droops allow  

independent inverters  to  share  the  load  in  proportion  to  their  capacities [94]. In 

droop control method active and reactive power depend on frequency and the 

magnitude of the output voltage of the inverter. So the phase and amplitude of voltage 

are the input parameters for the controller and the inverters are worked in voltage mode 

control as shown in figure 3.1 below that express the work idea of droop control. The 

real and reactive power drawn to the bus can be described by the two equations below 

[87]:  
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�ℎ���:         

X: is the output reactance of an inverter 



66 
 

∅ ∶ The phase angle between the output voltage of the inverter and the voltage of the 

bus 

E: The amplitude of the output voltage of the inverter. 

V: The amplitude of the output voltage of grid/load.  

It’s clear from the above equations that P depends on phase angle and Q depends on 

magnitude of voltage. The conventional droop control method can be expressed by the 

following droop equations [5, 87]:  

� =  �∗ − �(� − ��)                                                                                                              (3.5) 

� = �∗ − �(� − ��)                                                                                                                (3.6) 

Where: �∗: the output voltage angular frequency 

�∗ ∶ Amplitude of the voltage at no load. 

m and n: the droop coefficients. 

P & Q: active and reactive power rating 

�� &��: Actual active and reactive power rating. 

 

 

 

 

 

Figure3.1: Block diagram of P/Q droop controller 
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The frequency droop characteristic in the figure 3.2 above can be explained as follows: 

when frequency falls down from f0 to f, the power output of the generating inverter will 

increase from P0 to P. the decreasing frequency mentions to increase in loading and 

need more active power. Multiple parallel inverters with the same droop function can 

respond to the fall in frequency by increasing their active power outputs with each 

other. The increase in active power output will opposite the falling down of frequency 

and the models will locate at active power outputs and frequency at a steady-state status 

on the droop characteristic. Then the droop characteristic allows multiple modules to 

share load without fighting each other to control the load [5].  

Some  development  in  control  has  also been  achieved  to  overcome  its  limitations  

such  as  poor  transient response. M and n work as a gain control functions of nominal 

values P and Q respectively and it can be improved Transient response by adding 

proportional–integral–derivative (PID) terms to droop controller [95]. Also droop 

control can make sharing for non-linear (harmonic) components so the active and 

reactive power can be shared properly. Furthermore droop  control  or  the  wireless  

control  with no  interconnection  of  lines  could  be  more  useful  for  either  active 

load  sharing  or  for  a  distributed  generation  network  connected to  the  grid  or  off-

grid.    Hot-swap function is another benefit of using the droop control method.  Low  

sensitivity  to  line  impedance  unbalances  and harmonic  power  sharing  capability  

are  the  other  advantages  of  a droop  controller. Droop control method has a major 

feature that it can be combined with other methods to give more accurate results. As 

example of these methods using PID controller with droop control to improve transient 

response in active power or using the same controller with droop to improve transient 

and steady state response in island mode. In addition to that a novel fast control loops 

that improve the output impedance of the closed-loop inverters is used to give resistive 

Figure3.2: Frequency droop characteristic Figure3.3: Voltage droop characteristic 
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behavior with the purpose to share the harmonic current properly [96]. Research  

mentions  that  most  efforts  are  being put  into  droop  control  techniques because  its  

capacity  expansion flexibility,  independent  inverters  and  hot-swap  facilities. The 

main advantages of droop control methods that depend on local measurements of the 

distribution network so they do not depend on cables/communication for reliable 

operation. It has many desirable features such as expandability, modularity, flexibility 

and redundancy. However, the droop control method has some limitation such as 

frequency and amplitude deviations, slow transient response and possibility of 

circulating current among inverters. These problems appeared because wire impedance 

mismatches between inverter output and load bus and/or voltage/current sensor 

measurement error mismatches. All of these features and advantages prompted many 

researchers at these recent days to use this method and make several improvements on it 

in order to compensate its limitations such as a small signal in transient response in grid 

connected mode. However using these strategies especially in distribution power 

systems instead of other control methods which use communication in their models will 

be more stable and reliable [1, 5].  
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CHAPTER 4 

MODELLING THE SYSTEM BY USING DROOP CONTROL 

MatLab/SIMULINK 

 Introduction 4.1

In this chapter, we will describe several types of droop controller for good power 

sharing of parallel inverters. And as we review from the previous chapter there are 

several control techniques in integrating to achieve this aim. However, choosing the 

proper controller for this process is very important to obtain good results with high 

reliability, low harmonics and reduction faults in grid. For this reasons the design of our 

system must be built on the best controller. Droop control technique is one of the best 

control techniques that can achieve active and reactive power sharing of parallel 

inverters without communication techniques between inverters [5]. Using 

communication techniques in designing controller causes low reliability, and high cost 

of controller since they must have communication modules, as well as communication 

techniques need high bandwidth. So making a good power sharing between parallel 

inverters is a main factor at integration of distributed energy resources (DERs) with 

microgrid; because most part of these DERs such as (fuel cells, PV, etc.) need power 

electronic interfaces (inverters) to make up microgrids in parallel connection. Droop 

control is defined as a wireless control (WC) without interconnection between the 

inverters. The droop controller uses the amplitude and frequency of the reference 

voltage source to correct the power on inverters, so it allows parallel inverters to share 

the load in proportion to their capacities [30]. So power sharing technique based on P-F 

and Q-V droop control where the inverter frequency, F is drooped linearly with the 

inverter output real, P power and voltage amplitude, V is drooped linearly with the 

reactive power Q. Although the droop control method is one of the best methods to 
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make sharing power on parallel inverters, there are some shortages such as high 

transient performance at grid connected mode, inaccurate reactive power control, and 

increasing of harmonics elements. These troubles occurred because there are small 

deviations in voltage and frequency due to droop control method uses them to correct 

the power and make sharing on parallel inverters. In this research we design new 

controllers like an auxiliary controller to improve droop controller performance and 

avoiding high transient response and we got good and stable results on active and 

reactive power sharing. 

 Design and modelling the microgrid 4.2

Micro grid is based on several modules: grid power, inverters, and loads. To design 

small micro grid we must design these parameters to illustrate power sharing process on 

parallel inverters. Any one of these inverters connect with distributed generators like 

(PV, wind turbine, etc.) to interface these distributed generators with micro grid and 

converting power from DC to AC power. A simple grid illustrates my design in island 

mode shown in figure: 4.1. 

 

Figure 4.1: Illustrate two parallel inverters in island mode 

4.2.1 Design the inverter 

A simple inverter is essentially integrated with a dc power source and a full bridge and 

an L−C output filter [31]. The inverter is controlled by many types of controllers such as 

(DSP Controllers, TMS320F28XX). The voltage and current can be read by LEM 

sensors as shown in figure 4.2. 
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Figure 4.2: Basic schematic diagram of a single phase inverter 

 

 

 

Two or more parallel inverters are submitting to the following restrictions: 

 All the parallel inverters must operate synchronously. 

 All the inverter output voltages must have the same amplitude, frequency and 

phase. 

 The inverters output current requires to be distributed according to their nominal 

power. 

Each inverter will have an external power loop based on droop control [32, 33] that 

called also as autonomous or decentralized control, whose purpose is to share active 

and reactive power among DG units (inverters) and to improve the system 

performance and stability. In order to design simple equivalent circuits for DC to 

AC interfaces (inverters) by SIMULINK it must be first determine the type of 

inverter that will be uses in the circuit. There are two types of inverters are used 

between distributed energy sources and the grid; current source inverters (CSI) and 

voltage source inverters (VSI). However CSI are commonly used VSI are needed to 

maintain the voltage stable in autonomous or island operation [34]. VSI are relevant 

with distributed energy resources since they don’t need any external reference to be 

synchronized [35, 36]. Actually, they can operate in parallel with other inverters by 

using frequency and voltage droops, forming islanded Microgrids [37]. Also VSIs 

are suitable for distributed generation systems since they provide power quality 

enhancement to grid performance [38, 39]. In addition to that VSIs can change these 

behaviors from voltage to current sources in grid connected mode [40]. Therefore 

using VSIs are more convenient and efficient in our design and by determining and 

analyzing currents, voltages and grid parameters the circuit equivalent of VSI 
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consist of power source with impedance connected with power grid and power lines 

and will be as shown in figure 4.3. 

 

Figure 4.3: Equivalent circuit of the VSI connected to the grid. 

 

Where the Zo is VSI impedance, Zg is grid impedance; Vg   is grid voltage, ipcc point of 

common coupling current and Vpcc   point of common coupling voltage. 

4.2.2 Design VSI by SIMULINK 

From the previous illustration we can conclude that equivalent circuit of VSI consist of 

AC power source and low series impedance which can be easily drawn by Simulink as 

shown in the figures 4.4 and 4.5 below.   

 

Figure4.4: VSI block by SIMULINK 
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Figure 4.5: VSI by SIMULINK 

 

4.2.3 Design the active and reactive power calculator with LPF (low pass filter)   

The idea of design calculator for active and reactive power depending on power law 

which is relies on multiplication of voltage and current. � = �. �. ���� And � =

�. �. ����. So that the reactive power will delay 90º degree from the active power and 

this is mean ¼ cycle = ¼ T as shown in figure 4.6 below.  The active and reactive power 

must be measured and averaged with a running average window over one cycle of the 

fundamental frequency. So the powers are evaluated at primary frequency. This 

operation can be performed by low-pass filters with a reduced bandwidth. Moreover the 

filters that calculate the mean values both the active and reactive power and the 

coefficients of the slopes are strong determinants of the system dynamic and 

performance, especially in paralleled power supplies.  
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Figure 4.6: Active and reactive power calculating with LPF 

 

According to this logic to calculate active and reactive power, it can be easily design 

schematic diagram with low pass filter by using SIMULINK as shown in figures 4.7 

and 4.8 at the next page. 

 

 

 

Figure 4.7: Active and reactive power calculator and LPF block 

 --90 
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4.2.4 Design the droop controller 

The droop method is often proposed for the aim of connecting several parallel inverters 

without control intercommunications. The applications of such a kind of control are 

typically industrial UPS systems or islanding Microgrids. The conventional droop 

method is based on the principle that the frequency and the amplitude of the voltage 

inverter can be used to control active and reactive power flows [41]. Hence, the droop 

method can be expressed as follows:  

� =  �∗ − �. (� − �∗),                                                                           (4.1) 

� = �∗ − �. (� − �∗),                                                                              (4.2) 

Figure4.8: Active and reactive power calculating with LPF 
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Figure 4.9: Droop method P- ω and Q-E grid using P* and Q* as set points 

Where ω and E are the frequency and the amplitude of the output voltage. m and n the 

proportional droop coefficients define the corresponding slopes. P∗ And Q∗ are the 

active and reactive power references (nominal active and reactive powers), which are 

commonly set to zero when we connect inverter units in parallel autonomously, forming 

energetic island. This droop controller increases the system performance due to the 

autonomous operation among the modules. This way, the amplitude and frequency 

output voltage can be affected by the current sharing through a self-regulation technique 

that uses both the active and reactive local power from each unit [41]. In other words, if 

the droop slope coefficients are increased is possible to obtain good power equalization, 

even though regulation could be compromised. 

The active and reactive powers flowing from an inverter to a grid through an inductor 

can be expressed as follows [5]: 

� = ��
��� ����

��
−

��
�

��
� ����� +  

���

��
����������                                                          (4.3) 

� = ��
��� ����

��
−

��
�

��
� ����� +  

���

��
����������                                                          (4.4) 

Where E and �� is the inverter voltage output and grid voltage respectively, Z and θ are 

the magnitude and the phase of the output impedance, respectively; and φ is the phase 

angle between the inverter output and the Microgrid voltages.  

The droop method is based on two main assumptions [5]: 

Assumption 1: The output impedance is purely inductive, and �� = X and ω = 90° so 

the equations (4.3) and (4.4) will become as shown below: 
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� =  
���

�
����                                                                                                                         (4.5) 

��� ����

�
−

��
�

�
                                                                                                                       (4.6)  

This is proved by a large inductor of the filter inverter and to the impedance of the 

power lines. 

Assumption 2: The angle φ is small; we can conclude that sin φ ≈ φ and cos φ ≈ 1, and 

consequently, so the equations (4.5) and (4.6) will be as shown below [5]: 

� ≈
���

�
�                                                                                                                              (4.7) 

� ≈
��

�
�� − ���                                                                                                                     (4.8) 

Taking these considerations into account, P and Q are linearly dependent on ω and E 

respectively. Note that droop method uses frequency to tradeoff between the active-

power sharing and the frequency accuracy that causing frequency deviations. We 

conclude from the above explanation and equations how to make good droop controller 

that achieve a good power sharing above parallel inverters, UPSs or distributed energy 

generators by adjusting m and n (proportional droop coefficients). In my project I 

choose m and n in order to adjust a good steady state response of two parallel inverters 

in island mode with good transient response in grid connected mode and ensuring 

system stability, however there will appear some overshoot. �� And �� coefficients are 

chosen as a constant numbers. The mechanism of droop method will be like shown in 

the schematic at the next page: 
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Figure 4.10: Block diagram of a P/Q droop controller. 

 

 Using SIMULINK to draw and design droop controller 4.2.4.1

According to the last equations and ideas of droop method; in this part we can design 

droop controller by using MATLAB/SIMULINK. We determine the important 

coefficients as shown in the table below 4.1. Then we draw the schematic according to 

the block diagram (figure 4.10). 
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Table 4.1: Parameters of the droop control 

Parameter Symbol Value Units 

Voltage grid �� 311 V 

Frequency grid �� 50 Hz 

Virtual Inductor #1 �� 1 mH 

Virtual Inductor #2 �� 1.1 mH 

Parasitic Resistor #1 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Nominal output power S 30 KVAR 

Nominal frequency �∗ 2π*50 Rad/s 

Nominal Amplitude �∗ 311 V 

Active power load �� 10 KW 

Reactive power load �� 4 KVAR 

Q-V droop proportional n 3×10�� V/VAR 

P- � droop proportional m 2×10�� Rad/W 

 

Using the parameters listed in table 4.1 and considering the figure 4.10 as a base to 

design droop control by SIMULINK we can conclude the diagram of droop controller 

and design it as shown in the figures below: 
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Figure 4.11: Block diagram of droop control by SIMULINK 

 

By collecting all the blocks we can build the inverter that connected in the other side 

with distributed energy resources and can be designed by SIMULINK as shown in the 

figure at the next page: 

 

Figure4.12: Droop control method by SIMULINK 
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Figure 4.13: The inverter by SIMULINK 
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So in this way we can design a microgrid consist of two inverters connected with utility 

grid by power lines and breakers. The breakers connected with step response to order 

breakers close or open when change its states from one to zero at 2 mille second. Step 

response block perform the work of intelligent bypass switch to change the state of 

microgrid from grid connected mode when it at one states and after ten mille second it 

order to breakers to open (at zero state) to convert the state of microgrid to autonomous 

or island mode. The microgrid schematic can be shown at the next page: 
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Figure 4.14: Microgrid by SIMULINK 
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 Adaptive Droop Control 4.3

In this section we will try to modify the limitations of droop control method such as a 

high small signal in transient response at grid connected mode and non-accurate sharing 

of reactive power at steady state point of island mode. This modifying can be solved by 

many adaptive controllers such as injection PID controller or repetitive controllers. 

Based on the estimation of the grid parameters provided by the identification algorithm, 

an adaptive droop controller able to inject active and reactive power into the grid with 

high accuracy is proposed. To make analysis of power flow using equations (4.3) and 

(4.4) which they depend highly on the grid impedance (Zg∠θg) to transform P and Q to 

novel variables (Pc and Qc) that are independent from the magnitude and phase of the 

grid impedance [97].  

�� = �����Ɵ� − ����Ɵ��,                                                                                                     (4.9) 

�� = �����Ɵ� − ����Ɵ��,                                                                                                  (4.10) 

By substituting 4.3 and 4.4 into 4.9 and 4.10, it yields the following equations: 

�� = �������                                                                                                                          (4.11) 

�� = �������� − � ��,                                                                                                        (4.12) 

We notice that Pc depends on phase, while Qc depends on voltage difference between 

the VSI and the grid (E −Vg). These control variables (Pc and Qc) are obtained; we can 

use them into the droop control method to inject active and reactive power. Similarly, to 

inject the desired active and reactive powers (Pc and Qc), the following droop control 

method which uses the transformation (4.9) and (4.10), is proposed [97].  

∅ =  −��(�)���(� − ��)����� − (� − ��)������,                                                      (4.13) 

� =  �� − ��(�)���(� − ��)����� − (� − ��)������,                                                (4.14) 

Where �� is the amplitude voltage reference that takes the values of the estimated grid 

voltage (Vg). By using these expressions we can obtain the voltage reference of the 

VSI:  

����
∗ = �. sin(� ∗� + ∅)                                                                                                      (4.15) 
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ω is the angular frequency of the output voltage. The compensator transfer functions of 

Pc and Qc can be expressed as [1, 97]: 

��(�) =  
�� + ��� + ����

�
                                                                                               (4.16) 

��(�) =  
�� + ��� + ����

�
                                                                                               (4.17) 

Bu injection these expressions which working as a PID controller with droop controls 

the sharing of active and reactive power of parallel inverters will be more accurate. But 

actually the variables of this control must be designed tried to give required results. 
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CHAPTER 5 

CASE STUDIES OF MY DESIGN 

 Introduction 5.1

In this chapter we will illustrate and offer some study cases of our models and works as 

a results from our design by using MATLAB/SIMULINK. In the first we will see study 

case of design micro grid consists of two equal inverters connected in parallel and are 

controlled by droop controller which parameters are determined in chapter 4. In this 

study case we will illustrate the response of active and reactive power in the two states 

grid connected mode, island mode and seemly transfer from grid connected to island 

mode. In the results we will observe the transient response acting of active and reactive 

power of two parallel inverters in grid connected mode and try to reducing the 

overshoot of transient response by designing adaptive controller (PID) controller that 

decreasing the overshoot of transient response. Moreover we will notice that our droop 

control can give as a good response in steady state in island mode by making the two 

signals over each other which that mean the two equal inverters will give us same active 

or reactive power in autonomous or island mode. In addition to that we will offer the 

output frequency of the system. The other study cases will be such as connected three 

equal parallel inverters in parallel, connected two inverters in parallel one of them is one 

- third of the other or its power is half the other.  
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 Case Study #1 of Two Equal Parallel Inverters. 5.2

In this study we design two equal inverters with S = 30KVA. And with load has P = 

10KW with Q = 4KVAR. We will see the results of our design in grid connected mode 

and in autonomous mode. The parameter of droop control that is used in this study is 

shown in the table below: 

Table 5.1: Parameters that are used in study case #1 

Parameter Symbol Value Units 

Voltage grid �� 311 V 

Frequency grid �� 50 Hz 

Nominal output power S 30 KVAR 

Nominal frequency �∗ 2π*50 Rad/s 

Nominal Amplitude �∗ 311 V 

Active power load �� 10 KW 

Reactive power load �� 4 KVAR 

Q-V droop proportional n 3×10�� V/VAR 

P- � droop proportional m 2×10�� Rad/W 

By using SIMULINK/MATLAB we design microgrid with step response to change the 

status of breakers which determine the status of microgrid and change it from grid 

connected mode ( step at 1) to island mode ( step 0) with two equal parallel inverters 

connected by breakers with utility grid that is shown in figure below:  
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Figure 5.1: Microgrid of study case #1 
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The design in figure 5.1 was simulated with the parameters in table 5.1 and the scheme 

of active and reactive power and frequency shown in figures below:  

 

Figure 5.2 illustrates the active power of two equal parallel inverters. In grid connected 

mode we can see small signal in transient response which makes overshoot for the 

system and we will reduce it by improving the droop control by PID controller as we 

will explain in the next sections. In island mode we can see that the two equal inverters 

give 5KW so the droop control achieve the active power sharing between two 

equivellent inverters. In the other side we simulated the reactive power of our design as 

shown in figure 5.3 which illistrates the two cases of modes (grid connected and Island 

mode) also the seemless transfer from grid connected to island mode. We can observe 

from scheme 5.3 that the reactive power in grid connected mode has some signal (small 

overshoot) at transient response, and in island mode we don’t have accurate sharing of 

reactive power; so droop controller can’t make accurate reactive power and need 

adaptive or assistant controller to make sharing more accurate. In addition to that we 

simulate the frequency of the design as shown in scheme 5.4. We can observe from the 

figure 5.4 that there are some deviations in the values of frequency because the droop 

control uses it to share active and reactive power on the parallel inverters. So there is 

tradeoff between power sharing accuracy and the frequency. Moreover we simulated 

active and reactive power once in grid connected mode and the other in Island mode as 

shown in figures (5.5, 5.6, 5.7, and 5.8). We concluded that in grid connected mode

Small signal model- grid connected 
mode 

Steady state – Island mode 

Figure 5.2: Seamless transfer of active power from grid connected mode  

To autonomous mode 
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There is small signal in transient response produces overshoot and in this case the droop 

control must be provided by another controller such as PID controller to decrease the 

overshoot in grid connected and don’t effect on steady state in Island mode.  

In addition to that droop control achieve accurate sharing of active power in island 

mode but can’t achieve accurate sharing for reactive power in autonomous mode and 

need adaptive control to make it more accurately.  

 

  

 

Steady state – Island mode 

Grid connected mode 

Figure 5.3: Seamless transfer of reactive power from grid connected mode  

To autonomous mode 

Figure 5.4: frequency scheme of case study #1 
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Figure 5.5: Active power response in grid connected mode 

 

 

Figure 5.6: Reactive power response in grid connected mode 
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Figure 5.7: Active power response in Island mode 

 

 

Figure 5.8: Reactive power response in Island mode 
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 Case study #2 of two parallel inverters with power of one is half of another. 5.3

In this case study we simulated two parallel inverters in micro grid but they have 

different powers. The first one has S= 5KVA and the other one has S= 10KVA. The 

load has the same values as in case study #1 and the parameters of droop control has the 

same parameters in table 5.1. In the first we applied the microgrid with two states (grid 

connected and Island mode) by transferring the breakers from close state (1 state at step 

response) to open state (0 state at step response). The results are shown in the figures 

below: 

 

Figure 5.9 illustrates the transferring from grid connected mode to island mode. We 

concluded from the figure that droop control can achieve accurate sharing of active 

power in grid and island modes; however in transient response of grid connected mode 

has a small signal generated small overshoot. In island mode we see that the steady state 

of inverter #1 has nearly 2.5KW and the next one has nearly 7.5KW. So droop control 

Active power response in transferring mode from grid connected to Island mode. 

achieves accurate active power. In addition to that the microgrid has seemly transfer 

from grid connected to autonomous state. In the other side figure 5.10 illustrates the 

reactive power of microgrid in transferring state from grid connected to island mode. 

 

 

Droop control can achieve accurate sharing of active power in island 
mode (steady state of inverter #2 = 7.5KW) 

 

Figure 5.9: Active power response in transferring mode from grid connected  

To Island mode 
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As shown in scheme 5.10 there is some overshoot in transient response in state of grid 

connected mode and we can get accurate 4KVAR in steady state of island mode. Figure 

5.11 describes the frequency of the system, in case study #2 we have a good response of 

frequency, so the two signals have nearly the value of 314.5Hz.Moreover we simulated 

the active power, reactive power and the frequency in grid connected mode. In this 

response we have a good response and good sharing of active power with accurate 

steady state at grid connected mode as shown in figure 5.12. According to parameters of 

grid we get accurate active power P1 = 5KW and P2 = 10KW. 

 

Steady state of Island mode (the total values  
Of output reactive inverters ≈ 4KVAR) 

 

Grid Connected 

Figure 5. 10 : Reactive power response in transferring mode from grid connected  

To Island mode 

Figure 5.11: Frequency of the system in transferring mode from grid connected 

 To Island mode 
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Figure 5. 12: Active power of microgrid at grid connected mode 

The reactive power of parallel inverters that are composed the microgrid in case study#2 

was simulated as shown in scheme 5.13. as shown in the figure there is small signal in 

transient response and a good response in steady state. 

 

Figure 5. 13: Reactive power of microgrid at grid connected mode 

The figure 5.14 describes the response of frequency in grid connected mode which 

gives a good response in steady state of the system nearly 314.5Hz. 
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Figure 5. 14: Frequency of microgrid at grid connected mode 

In the case of island mode we simulated the active power of two parallel inverters as 

shown in figure 5.15. The response of steady state of active power is good and we get 

the accurate active power sharing. 

 

Figure 5.15: Active power of parallel inverters at Island mode 

In addition to that we get a good result of sharing reactive power in case study #2 as 

shown in scheme 5.16. 
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Figure 5.16: Reactive power of parallel inverters at Island mode 

When we simulated the frequency of the system in island mode we will get the results 

as shown in figure 5.17. It seems that there is good sharing of frequency of two parallel 

inverters by using droop control in autonomous mode.  

 

Figure 5.17: Frequency of parallel inverters at Island mode 
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 Case study #3 of three equal parallel inverters. 5.4

In this case study we connected equal three parallel inverters to compose microgrid. 

Each one of the inverters has S= 30KVA as shown in figure 5.18. And we applied the 

parameters in the table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Symbol Value Units 

Voltage grid �� 311 V 

Frequency grid �� 50 Hz 

Virtual Inductor #1 �� 1 mH 

Virtual Inductor #2 �� 1.1 mH 

Virtual Inductor #2 �� 1.2 mH 

Parasitic Resistor #1 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Nominal output power S 30 KVAR 

Nominal frequency �∗ 2π*50 Rad/s 

Nominal Amplitude �∗ 311 V 

Active power load �� 10 KW 

Reactive power load �� 4 KVAR 

Q-V droop proportional n 3×10�� V/VAR 

P- � droop proportional m 2×10�� Rad/W 

Table 5.2: Droop control parameters that are used in simulation 
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Figure 5.18: Microgrid consist of three equal parallel inverters 
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After we simulated the design of microgrid, we divided the results according to 

operation mode: 

1. Transferring from grid connected mode to island mode, in this mode we get a 

good response of sharing active power of three parallel inverters, however we 

get a small signal in transient response of grid connected mode as shown in 

figure 5.19.  

 

Figure 5.19: Active power sharing in transferring mode from grid connected to island 
mode 

In addition to active power we studied sharing of reactive power on three parallel 

inverters and get the result in figure 5.20 as shown below. It seems from the figure that 

there are some small signals in transient response at grid connected mode but we have a 

good response in steady state at island mode and droop control achieves the seemly 

transfer from grid connected to island mode. 
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The response of frequency for three equal inverters is shown in figure 5.21 in grid 

connected mode and island mode. It seems there are some deviations at steady state of 

island mode because the control mode uses frequency to make accurate sharing of 

active power. However the general response of frequency is good and stable. 

 

Figure 5.21: Frequency sharing in transferring mode from grid connected to island 
mode 

2. Grid connected mode, in this mode we have accurate sharing for active power of 

three equal parallel inverters at steady state, however we get a small signal at 

transient response as shown in figure 5.22. In case of reactive power sharing at 

grid connected mode we get a good sharing without achieve accurate sharing of 

    Figure 5.20: Reactive power sharing in transferring mode from grid connected to island  

mode 
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reactive power as shown in figure 5.23. in addition to that we simulated the 

frequency and we get the same results of case study #1 with small signal 

generated overshoot and good frequency sharing response.  

 

 

 

 

 

 

 

 

Figure 5. 22: Active power sharing of three equal inverters in grid connected mode 

Figure 5.23: Reactive power sharing of three equal inverters in grid connected mode 
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3. Island mode; in this mode we get accurate sharing of active power for three 

equal inverters as shown in figure 5.23 without overshoot and every inverter has 

the same active power of the another with 3.33KW achieving the total power 

10KW. In case of reactive power droop control don’t achieve accurate reactive 

power as shown in figure 5.24. The first inverter has 1.2KVAR, the second 

inverter 1.3KVAR and the third with nearly 1.4KVAR. The Qtotal ≈ 3.9KVAR. 

The frequency has a good response in island mode without overshoot with some 

deviations in values because the droop control uses the frequency to make active 

power sharing between the inverters. 

 

Figure 5.25: Active sharing of three equal inverters in island mode 

 

Figure 5.24: Frequency sharing of three equal inverters in grid connected mode 
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Figure 5.26: Reactive sharing of three equal inverters in island mode 

 

 

Figure 5.27: Frequency response of three equal inverters in island mode 
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 Case Study #4 of two equal parallel inverters with PID controller 5.5

In case study #1we sees that droop control can make accurate active power sharing in 

three modes of two equal parallel inverters but the response has a small signal 

(overshoot) in grid connected mode and this overshoot may reduce the lifetime of 

inverters or in some times may burn the inverters. For this reason we try in this case 

study to improve droop control technique by applying PID controller with it. In this case 

we modify case study #1 to get more efficient results. To remove overshoot in transient 

response of grid connected mode we can design PD or PID controller. However PD 

controller effects on steady state of island mode, then we will not get accurate sharing 

of active power. For this reason we designed PID controller as shown in equation 5.1 

and simulated the designed microgrid consists of two equal parallel inverters like in 

case study #1 with parameters in table 5.3 we get the results as shown in figure 5.26 in 

transferring mode from grid connected to island mode. As shown in figure 5.26 PID 

controller removes the over shoot at grid connected mode and save the steady state 

results accurate at island mode. At figure 5.27 illustrates the grid connected mode of 

active power sharing without overshoot and accurate active power sharing. At figure 

5.28 we can notice that PID with droop control achieves accurate active power sharing 

at autonomous mode.  

��� = 2 × 10�� �
� + 5 × 10��

� + 10��
�                                                                                          (5.1) 
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Parameter Symbol Value Units 

Voltage grid �� 311 V 

Frequency grid �� 50 Hz 

Virtual Inductor #1 �� 1 mH 

Virtual Inductor #2 �� 1.1 mH 

Parasitic Resistor #1 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Nominal output power S 30 KVAR 

Nominal frequency �∗ 2π*50 Rad/s 

Nominal Amplitude �∗ 311 V 

Active power load �� 10 KW 

Reactive power load �� 4 KVAR 

P- � droop integral m 1×10�� Rad/(W-s) 

P- � droop proportional mp 2×10�� Rad/W 

P- � droop derivative md 5×10�� (rad-s)/W 

Table 5.3: Droop control and PID parameters of case study #1 
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Figure 5.28: Active power sharing at transferring from grid connected mode to island 
mode 

 

 

Figure 5.29: Active power sharing of two equal parallel inverters at grid connected 
mode 
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Figure 5.30: Active power sharing of two equal parallel inverters at island mode 

As shown in case study #1 reactive power sharing has small signal in transient response 

of grid connected mode in addition to that droop control can’t achieve accurate reactive 

power sharing at island mode. For these reasons we tried to design adaptive droop 

control by adding PID control to remove overshoot at grid connected mode and get 

more accurate sharing at autonomous mode. By uses PID controller as shown in 

equation 5.2 with the parameters at table 5.4 we get the results as shown in figure 5.29 

without overshoot at grid connected and accurate reactive power at island mode. Figure 

5.30 illustrates the response of reactive power sharing of two equal parallel inverters at 

grid connected mode without any small signals at transient response and good sharing 

of reactive power. Figure 5.31 shows reactive power sharing of two equal parallel 

inverters at island mode with more accurate sharing without overshoot because it is 

improved by designed PID controller. 

��� = 3 × 10�� �
� + 5 × 10��
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Parameter Symbol Value Units 

Voltage grid �� 311 V 

Frequency grid �� 50 Hz 

Virtual Inductor #1 �� 1 mH 

Virtual Inductor #2 �� 1.1 mH 

Virtual Inductor #2 �� 1.2 mH 

Parasitic Resistor #1 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Parasitic Resistor #2 ��� 0.08 Ω 

Nominal output power S 30 KVAR 

Nominal frequency �∗ 2π*50 Rad/s 

Nominal Amplitude �∗ 311 V 

Active power load �� 10 KW 

Reactive power load �� 4 KVAR 

Q-V droop proportional np 3×10�� V/VAR 

Q-V droop Integral n 1×10�� Rad/Var.s 

Q-V droop Derivative  nd 5×10�� V.s/Var 

Table 5.4: Droop control and PID parameters of case study #5 
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Figure 5.31: Reactive power sharing of two equal parallel inverters at transferring mode 

 

 

Figure 5. 32: Reactive power sharing of two equal parallel inverters at Island mode 
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Figure 5. 33: Reactive power sharing of two equal parallel inverters at grid connected 
mode 

 Case study #5 of two parallel inverters with power of one is half of another 5.6

with PID controller. 

In case study #2 we sees that droop control can make accurate active power sharing in 

three modes of two equal parallel inverters but the response has a small signal 

(overshoot) in grid connected mode and this overshoot may reduce the lifetime of 

inverters or in some times may burn the inverters. For this reason we try in this case 

study to improve droop control technique by applying PID controller with it. In this case 

we modify case study #2 to get more efficient results. We use the same PID controllers 

in equations 5.1 and 5.2 and have accurate reactive and reactive power sharing as shown 

in figures in the next pages: 
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Figure 5.34: Active power sharing at transferring mode from grid connected mode to 

island mode 

 

 

 

Figure 5.35: Frequency sharing at transferring mode from grid connected mode to island 

mode 
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Figure 5.36: Active power sharing at grid connected mode 

 

 

Figure 5.37: Active power sharing at island mode 
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Figure 5.38: Reactive power sharing at transferring mode from grid connected to island 

mode 

 

 

Figure 5.39: Reactive power sharing at grid connected mode 
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Figure 5.40: Reactive power sharing at island mode 

 Case study #6 of three parallel inverters with PID controller. 5.7

In this case study we modify the droop controller in case study #3 by adding PID 

controller with droop method to get more accurate active and reactive power sharing as 

shown in results below: 

 

Figure 5.41: Active power sharing at transferring mode 
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Figure 5.42: Active power sharing at grid connected mode 

 

Figure 5.43: Active power sharing at island mode 

 

Figure 5.44: Frequency sharing at island mode 
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Figure 5.45: Reactive sharing at transferring mode 

 

Figure 5.46: Reactive sharing at grid connected mode 

 

Figure 5.47: Reactive sharing at island mode 
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

Finally in this chapter, the conclusions derived from this dissertation thesis are 

presented. 

From the discussion in previous chapters, it can be seen that micro-grid is the future 

grid for power systems. Using micro-grid in distribution power systems will be let to 

integrate distributed energy resources such as (wind turbines, PV, fuel cells, etc.) in the 

grid. Integration these alternative sources will decrease the greenhouse gases from the 

atmosphere, reduce dependence on fossil fuels and interface remote villages with power 

grid more easily and reliability. Start to inject and use MG needs to solve problems 

resulting from power sharing on the inverters. So this thesis offers the best way to solve 

this problem and review the control strategies of parallel operation of DG inverters.  

From these Techniques droop control strategy are explained with using active power 

filters (APFs) for harmonic voltage and current compensation in design.  

From the inverter control strategies it is found that active load sharing control 

techniques have some limitations. Due to intercommunication requirement between the 

inverters, control complexity is significant.  Although active load sharing techniques for 

parallel operation of a fixed number of inverters can be better due to its robust control, 

expansion  of  capacity  due  to  the  supplemental load  may  not  be  easy.  On the 

other hand, droop control seems better for most purposes. Research indicates that  most  

efforts  are  being put  into  droop  control  techniques  due  to  its  capacity  expansion 

flexibility,  independent  inverters  and  hot-swap  facilities. Active and reactive power 

sharing of the distributed inverters operating in parallel has been explained. It has been 

assumed that there is no communication between the inverters. Each inverter has its 

own control unit, and these controllers share the active and reactive power demanded by 
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the load in proportion with their rated powers. This system provides flexibility for the 

units or loads to be added to or removed from the network. Furthermore, this structure 

makes it possible to use inverters with different ratings together, without overloading 

them. 

In this thesis the droop control is modified by using PID controller to give more 

accurate active and reactive power sharing and we achieved good active and reactive 

power sharing as reviewed in previous chapter. But we advise to use in future more 

solutions to modify droop control such as Angle droop controller and External 

supplementary loops. Today these techniques are taken a lot of attention from 

researchers to use them with droop control method and get more and more accurate 

power sharing on inverters. 

The tables below conclude the features of power sharing by using droop controller and 

comparing these results with adding PID controller with droop method. 

Table 6.1: Active power sharing and comparing the results between different case 

studies 

Island 
Mode 

Case 
study# 1 

Case 
study# 2 

Case 
study# 3 

Case 
study# 4 

Case 
study# 5 

Case 
study# 6 

P1(KW) 4.95 7.4 3.33 5 7.5 3.33 

P2(KW) 4.95 2.6 3.33 5 2.5 3.33 

P3(KW) - - 3.33 - - 3.33 

Grid-
Mode 

Case 
study# 1 

Case 
study# 2 

Case 
study# 3 

Case 
study# 4 

Case 
study# 5 

Case 
study# 6 

P1(KW) 30 10 31 30 10 30 

P2(KW) 30 5 29 30 5 30 

P3(KW) - - 30 - - 30 
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Table 6.2: Comparison of reactive power results and other parameters between case 

studies 

Island Mode 
Case 

study# 1 
Case 

study# 2 
Case 

study# 3 
Case 

study# 4 
Case 

study# 5 
Case  

study# 6 

Q1(KW) 2 2.3 1.39 2 2.4 1.4 

Q2(KW) 1.85 1.7 1.25 2 1.6 1.35 

Q3(KW) - - 1.2 - - 1.25 

Overshoot % 

of P at 
transient 
response 

50 40 46.6 
0 (over-
damped) 

0 (over-
damped) 

0 (over-
damped) 

Ts of active 
power at grid-
connected ( s) 

0.13 0.11 0.12 0.4 0.4 0.4 

Ts of active 
power at 

Island mode 
(s) 

0.05 0.09 0.05 0.01 0.01 0.01 

Ts of reactive 
power at grid-
connected(s) 

0.13 0.12 0.13 0.3 0.3 0.3 

Ts of reactive 
power at 

island Mode(s) 
0.03 0.06 0.04 0.02 0.02 0.02 
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