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SYNOPSIS: 

An intelligent control strategy for a DC 

micro-grid system will be presented. The 

studied system consisting of renewable 

generations, one conventional generation, 

energy storages, loads and control units. The 

size of the micro-grid is determined on the 

base of the load and the renewable 

generations, the energy storages and the 

conventional generation have to be able to 

supply the DC loads when the weather 

conditions not are favorable to the PV 

and/or wind-turbine generations. The 

intelligent control method is used to 

regulate the DC voltage when the Microgrid 

is disconnected to the grid, i.e. islanded 

mode, due to disturbances, such as a fault 

and its subsequent switching incidents. 

Moreover the grid connected mode is 

considered to implement an intelligent 

energy management that will schedule the 

energy allocation at minimum cost on the 

base of the electricity market. The studied 

system with the control strategy have been 

implemented in a simulation tool, the 

results are presented and discussed in the 

thesis. 
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Summary 

 

The thesis covers the aspect of the intelligent control for a distributed system and 

consists of sixth chapters. 

In the first chapter a general introduction with the background and the goals of the 

thesis are presented. 

In the second chapter a review of the state of art of the micro-grids was shown 

considering the development of the electrical networks in the last years and the 

introduction of DER sources. Focusing in the micro-grid concept and state of art, the 

currently control topology methods for these systems and the different implemented 

micro-grid and control topology used. 

In the third chapter the implemented DC micro-grid has been presented, with the chosen 

voltage level and its intelligent control strategy. Also the participation of the micro-grid 

in the electricity market was considered and its economical profit was studied with an 

intelligent economical control. Different study cases are presented to evaluate the 

optimal participation in the electricity market. 

In the fourth chapter, the DER units are shown with different kinds of control methods 

used for each unit, showing the fundamental concept of every technology used in the 

implemented system, the chosen model for every DER unit, the different kinds of 

control methods to increase the injected power, to balance the power flow and the 

voltage level of the micro-grid and the chosen power electronics for each unit. 

The purpose of the fifth chapter is to build a series of scenarios by MATLAB/Simulink 

to simulate the implemented micro-grid. Four study cases are presented to show the 

behavior of the DC micro-grid in different scenarios. The behavior of the system in 

islanded mode, in grid connected mode, working with three master units and in a 

cascade faults are shown in this chapter. 

As conclusion, it can be stated that the proposed intelligent control for the distributed 

systems has been tested and validated in four simulation cases and the overall project 

objectives were accomplished. 

 

 

 



 

  



I 

 

Contents 

 
CHAPTER 1- INTRODUCTION .................................................................................... 1 

1. Background and Motivations ................................................................................ 1 

1.1 Subjects .............................................................................................................. 3 

1.1 Goals .................................................................................................................. 3 

CHAPTER 2 - MICROGRID ........................................................................................... 5 

2. Introduction ........................................................................................................... 5 

2.1 Smart grids ......................................................................................................... 5 

2.2 Micro-grids ........................................................................................................ 7 

2.2.1 Control ............................................................................................................ 9 

2.2.2 Real micro-grid overview............................................................................. 11 

CHAPTER 3 - TECHNICAL AND ECONOMICAL POINT OF VIEW OF 

IMPLEMENTED MICRO-GRID .................................................................................. 17 

3. Introduction ......................................................................................................... 17 

3.1 DC Micro-grid Configuration .......................................................................... 17 

3.2 Control Method ................................................................................................ 18 

3.2.1 Control Strategy ........................................................................................... 19 

3.3 Economical point of view ................................................................................ 21 

3.3.1 Cost of ESS energy ...................................................................................... 21 

3.3.2 Economical Management System ................................................................ 24 

3.3.3 Study cases ................................................................................................... 25 

CHAPTER 4 ï UNIT MODELS AND THEIR CONTROLS ....................................... 36 

4. Introduction ......................................................................................................... 36 

4.1 Energy Storages ............................................................................................... 36 

4.1.1 Model A........................................................................................................ 37 

4.1.2 Model B ........................................................................................................ 39 

4.1.3 Control .......................................................................................................... 41 

4.2 Combined Heat and Power .............................................................................. 44 

4.2.1 Model ........................................................................................................... 45 

4.2.2 Control .......................................................................................................... 46 

4.3 Wind Turbine ................................................................................................... 52 

4.3.1 Model ........................................................................................................... 53 



II  

 

4.3.2 Control .......................................................................................................... 55 

4.4 Photovoltaic ..................................................................................................... 57 

4.4.1 Model ........................................................................................................... 59 

4.4.2 Control .......................................................................................................... 59 

Chapter -5-SIMULATIONS ........................................................................................... 62 

5.1 Introduction ...................................................................................................... 62 

5.2 Case 1 ............................................................................................................... 62 

5.3 Case 2 ............................................................................................................... 67 

5.4 Case 3 ............................................................................................................... 69 

5.5 Case 4 ............................................................................................................... 72 

Chapter-6-CONCLUSIONS AND FUTURE WORK ................................................... 74 

6.1 Introduction ...................................................................................................... 74 

6.2 Summary .......................................................................................................... 74 

6.3 Key Contributions ............................................................................................ 75 

6.4 Future Work ..................................................................................................... 76 

REFERENCES ................................................................................................................ 77 

APENDIX A - IMPLEMENTED MICRO-GRID in SIMULINK ................................. 81 

1. PV model: ............................................................................................................ 81 

2. WT model: ........................................................................................................... 82 

3. GE Model: ........................................................................................................... 83 

4. ESS model: .......................................................................................................... 84 

5. Grid Model: ......................................................................................................... 85 

APENDIX B - ECONOMICAL STUDY CASES in MATLAB ................................... 87 

APENDIX C - USED TABLE ....................................................................................... 95 

APPENDIX D - GAS AMOUNT ................................................................................... 96 

APPENDIX E ï PROPORTIONAL AND INTEGRAL TERMS.................................. 97 

 

  



III  

 

Figures 

 

Fig. 1. Renewable Energy Capacity around the World[1] ............................................... 1 

Fig. 2. US Electricity Flow, 2008, source: "US Energy Information Administration 

(2009)" .............................................................................................................................. 2 

Fig. 3. Micro-grid Configuration ...................................................................................... 3 

Fig. 4. Smart Grid example .............................................................................................. 6 

Fig. 5. World Capacity of Micro-grid [13] ....................................................................... 8 

Fig. 6. CERTS AEP Micro-grid [16][22] ....................................................................... 12 

Fig. 7. MAD River Micro-grid [16], [23] ....................................................................... 12 

Fig. 8. BC Boston Bar Micro-grid [16], [22] ................................................................. 13 

Fig. 9. Shimizu Extended Micro-grid [16], [24]............................................................. 13 

Fig. 10. Hachinohe System Micro-grid [16], [25] .......................................................... 14 

Fig. 11. A picture of Sendai DC Micro-grid [26] ........................................................... 15 

Fig. 12. Sendai Project: Multiple power quality supply system [16], [26] .................... 15 

Fig. 13. Implemented Micro-grid in Mayway Labs, Akagi (Japan) [27] ....................... 16 

Fig. 14. Implemented wire configuration [28] ................................................................ 18 

Fig. 15 Energy Management Control flow chart ............................................................ 20 

Fig. 16. Electricity price for every hour during 2011 in Denmark ................................. 24 

Fig. 17. Economical Storage Management System Algorithm flow chart ..................... 25 

Fig. 18. Hourly wind speed in Aalborg during 2011 ...................................................... 26 

Fig. 19. Hourly Irradiance in Aalborg during 2011 ........................................................ 27 

Fig. 20. Power generated by the PV for every hour during 2011 ................................... 27 

Fig. 21. Power generated by the WT for every hour during 2011 .................................. 28 

Fig. 22. Power flow in the micro-grid for the case 1 ...................................................... 29 

Fig. 23. Case 1, hypothesis B: a) SOC,  b) comparison between electricity prices,  c) 

comparison between power flow .................................................................................... 30 

Fig. 24. Case 1, hypothesis C: a) SOC,  b) comparison between electricity prices,  c) 

comparison between power flow .................................................................................... 30 

Fig. 25. Power flow of the case 2 with variable load ..................................................... 31 

Fig. 26. Case 2, hypothesis B: a) SOC,  b) comparison between electricity prices,  c) 

comparison between power flow .................................................................................... 32 

Fig. 27. Case 2, hypothesis C: a) SOC,  b) comparison between electricity prices,  c) 

comparison between power flow .................................................................................... 33 

Fig. 28. Case 3, hypothesis 3h: a) SOC,  b) comparison between electricity prices ...... 34 

Fig. 29. Case 3, hypothesis 6h:  a) SOC,  b) comparison between electricity prices ..... 34 

Fig. 30. Case 3, hypothesis 10h: a) SOC,  b) comparison between electricity prices .... 35 

Fig. 31. Electrochemical batteries classification[40]...................................................... 36 

Fig. 32. Lead Acid Battery. Source: The battery rejuvenator website ........................... 37 

Fig. 33. Sketch of SAFT Li-ion[45] ............................................................................... 39 

Fig. 34. General scheme DC/DC converter .................................................................... 41 

Fig. 35. DC/DC bidirectional converter configuration ................................................... 42 



IV  

 

Fig. 36. Scheme of bidirectional converter control ........................................................ 43 

Fig. 37. Schematic of the buck-boost converter ............................................................. 43 

Fig. 38. CHP global capacity. Source: International Energy Agency ............................ 44 

Fig. 39. Micro-gas turbine [49] ...................................................................................... 45 

Fig. 40. GE energy system ............................................................................................. 45 

Fig. 41. Boost converter circuit ...................................................................................... 46 

Fig. 42. Boost converter signals ..................................................................................... 47 

Fig. 43. Loop control for boost converter ....................................................................... 48 

Fig. 44. PI control for boost converter............................................................................ 48 

Fig. 45. Root Locus and Bode diagrams for internal open loop ..................................... 50 

Fig. 46. Step Responce internal Loop ............................................................................ 50 

Fig. 47. Boost converter circuit for GE .......................................................................... 51 

Fig. 48. Root Locus and Bode diagrams for outer loop ................................................. 51 

Fig. 49. Step  response outer loop .................................................................................. 51 

Fig. 50. Installed Wind World Capacity ......................................................................... 52 

Fig. 51. Wind Energy system ......................................................................................... 54 

Fig. 52. Active rectifier for WT ...................................................................................... 55 

Fig. 53. Power Coefficient vs Tip speed Ratio ............................................................... 56 

Fig. 54. Wind Turbine Optimal Tracking Curve ............................................................ 56 

Fig. 55. Control for WT .................................................................................................. 57 

Fig. 56. Global cumulative installed PV solar capacity. Source: International Energy 

Agency ............................................................................................................................ 57 

Fig. 57. Equivalent circuit model for a PV ..................................................................... 58 

Fig. 58. I-V characteristics of PV ................................................................................... 58 

Fig. 59. Flow chart MPPT for PV .................................................................................. 60 

Fig. 60. PV Energy system ............................................................................................. 60 

Fig. 61. Boost control in PV system ............................................................................... 61 

Fig. 62. Implemented DC micro-grid by Simulink ........................................................ 62 

Fig. 63. a) Power injected by the WT depending on b) wind speed ............................... 63 

Fig. 64. Speed control for the WT model ....................................................................... 64 

Fig. 65. Comparison between a) Power generated by the WT, b) speed error ............... 64 

Fig. 66. Comparison between a) Power generated by the PV,  b) irradiance value ....... 65 

Fig. 67. Control of the PV MPPT mode. a) Comparison between dI/dV and I/V b)Error

 ........................................................................................................................................ 65 

Fig. 68. Power flow in the micro-grid for the Case 1 ..................................................... 66 

Fig. 69 ESS characteristics : a) SOC , b) Voltage .......................................................... 66 

Fig. 70 DC voltage level on the micro-grid for the Case 1 ............................................ 67 

Fig. 71. Power flow in the micro-grid for the Case 2 ..................................................... 68 

Fig. 72. DC voltage level for the Case 2 ........................................................................ 68 

Fig. 73. Current flow in the grid for the Case 2 ............................................................. 69 

Fig. 74. Voltage in the a) AC side of the inverter, b) Grid Voltage ............................... 69 

Fig. 75. DC voltage bus level with 3 Master units ......................................................... 70 

Fig. 76. Power flow in the load, PV and WT for Case 3 ................................................ 71 

Fig. 77. Power flow in the GE and ESS for Case 3 ........................................................ 71 



V 

 

Fig. 78. Current injected by the PV and the WT for Case 3 ........................................... 72 

Fig. 79. Current injected by the ESS and the GE for the Case 3 .................................... 72 

Fig. 80. DC Voltage level for every Master Control period ........................................... 73 

Fig. 81. Power flow in the micro-grid for the Case 4 ..................................................... 73 

 

 

 

Tables 

 

Table 1. Classification of micro-grid control's methods[17]. ......................................... 10 

Table 2. DER control method depending the scenario [18]. .......................................... 10 

Table 3. Operation/Use Categories [35]. ........................................................................ 22 

Table 4. Cost and Performance Assumptions [35ï38] ................................................... 23 

Table 5. Annual benefit of the micro-grid for the case 1 ............................................... 31 

Table 6. Annual benefit of the micro-grid for the case 2 ............................................... 33 

Table 7. Annual benefit of the arbitraging application for 2011 .................................... 35 

Table 8. Typical parameters of LA Battery .................................................................... 37 

Table 9. LA storage systems larger than 1MWh[41] ..................................................... 38 

Table 10. List of Li-Ion groups, Extracted from Battery University webpage .............. 40 

Table 11. Wind Energy Systems[52] .............................................................................. 53 

Table 12. Wind Turbine data sheet ................................................................................. 53 

Table 13. PV data sheet .................................................................................................. 59 

Table 14. Study cases implemented by MATLAB/Simulink ......................................... 62 

 

  



VI 

 

ABBREVIATIONS 

 

Symbol Meaning 

  AC Alternating Current 
ADA Advanced Distribution Automation 
BPL Broadband over Power Line 
CCM Continuous Current Mode 

CERTS Consortium for Electrical Riability Technology Solution 
CHP Combined Heat and Power 

DC Direct Current 
DER Dustributed Energy System 
DG Distribute Genaration 
ES Energy Storage 

ESMS Economical Storage Management System 
ESS Energy Storage System 

EV Electrical Vehicle 
GE Gas Engine 

IGBT Isulated Gate Bipolar Transistor 
LA Lead-Acid 

MPPT Maximun Power Point Tracking 

PI Proportional-Integral 
PMSG Permanent Magnet Synchronous Generator 

PV Photovoltaic 
PWM Pulse Width Modulation 
SISO Single-Input Single-Output 
SOC  State Of Charge 
U.S. United States 
UPS Uninterruplible Power Supply 
VSC Voltage Source Converter 

WAMS Wide Area Measurement System 
WT Wind Turbine 

 

 



1 

 

CHAPTER 1- INTRODUCTION  

 

1. Background and Motivations 

The use of renewable energy in the world in the period between the 2004 and 2008 

[1] grew by an unprecedented manner, in this period the total production capacity of 

renewable energy increased by 75%, Fig. 1 shows the energy capacity in the 

countries that have invested more in this field according to the data published in 

2009. 

 
Fig. 1. Renewable Energy Capacity around the World[1] 

 

So the distributed energy resources (DER) are emerged as a promising option to 

meet the growing customer needs for electric power with an emphasis on reliability 

and power quality, all in a context of evolutionary changes from the traditional 

electric utilities. The DER may be connected into a micro-grid and controlled in a 

self-intelligent way for each units[2]. 

AC and DC micro-grids may be very good elements for the integration of renewable 

and distributed energy resources. In the recent years, the increase attentions about 

these opportunities have been observed, so many studies on the AC micro-grid are 

done, and therefore a more thorough analysis on the DC micro-grid could be 

performed. The DC distribution system has some advantages over the AC 

distribution, the DC micro-grid can easily be operated in a simple coordination 

method because it controls only the DC bus voltage, moreover when the AC-grid, 

which is connected with the DC micro-grid has fault conditions the DC micro-grid 

is disconnected and operate in a stand-alone mode in which the generated power is 

supplied to the loads connected to the DC distribution system, another advantage is 

the possibility of reducing the system cost and loss thanks to the only single AC grid 

side inverter unit used[3][4]. 
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Some of the more important characteristics of the DC micro-grid could be [5]: 

 

o Super high quality power supplying is provided by distributed scheme of the 

load side converters contributes, so if a short circuit occurs at one load  the 

other loads not are affected. 

o It is suitable for DC output type distributed generations such as photovoltaic 

(PV) and energy storage (ES), i.e. batteries. 

o If the power production is less than the power consumption, it can stop 

supplying power for some loads intentionality by load side converter in order 

to continue supplying power for high quality loads. 

 

Nowadays, the losses in the distribution systems are an evident problem, as it is 

shown in Fig. 2, but in the modern digital economy, demand for power quality and 

reliability can vary significantly. Commercial customers with critical computer 

systems require high levels of power quality and are often willing to pay for it, 

while most residential consumers may not. This is evidenced investment in 

uninterruptible power supply (UPS) by commercial customers to protect computer 

and data systems from outages[6].  

 

 
Fig. 2. US Electricity Flow, 2008, source: "US Energy Information Administration (2009)" 
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1.1  Subjects 

In this thesis, an intelligent control strategy for a DC micro-grid system will be 

presented.  

 
Fig. 3. Micro-grid Configuration 

The thesis presents a studied system consisting of two renewable generations, one 

conventional generation, two energy storages, loads and control units; a 

Photovoltaic (PV) generation unit, a wind-turbine (WT) generation unit, a battery 

energy-storage unit, an Electrical Vehicle (EV) unit, a gas engine (GE) generation, 

an AC grid-connected power control unit and DC loads such are shown in the Fig. 3. 

The size of the micro-grid is determined on the base of the load and the renewable 

generations, the energy storages and the conventional generation have to be able to 

supply the DC loads when the weather conditions not are favorable to the PV and/or 

wind-turbine generations. This configuration is shown in the chapter 3.1. 

 

1.1  Goals 

The thesis proposes an intelligent control method to regulate the DC voltage and the 

power flow when the micro-grid is disconnected from the grid, i.e. islanded mode, 

due to disturbances, such as a fault and its subsequent switching incidents. The 

micro-grid is kept in operation to meet the corresponding load requirements [7]. 
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Moreover the grid connected mode is considered to implement an intelligent energy 

management that will schedule the energy allocation at minimum cost on the base of 

the Danish electricity market. The expected output is constituted by the optimal 

economic dispatch of the generators in micro-grid by using an input pattern 

containing information about the energy price, the weather conditions and the 

forecast on the energy load demand by showing the benefit to use the energy 

storage.  

The studied system with the control strategy have been implemented in 

MATLAB/Simulink , the results are presented and discussed in the paper. 
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CHAPTER 2 - MICROGRID  

2. Introduction  

The electrical network is the set of transformers and infrastructures that carry 

electricity from the centers of production to all consumers. These networks are 

responsible to transport and distribute the electricity generated from the source to the 

final point of consumption. They are designed to operate since the middle of last 

century, where main production centers were distant from the final costumers, therefore 

from the standpoint of consumers and the characteristics of plants based on renewable 

energy the actual network is redesigning to become more suitable. Since this, a new 

concept of power grid is appearing considering the capability to integrate an intelligent 

control. In this chapter the state of art of these new topologies of power grid is shown, 

called Smart Grids. It is making a new concept of power grid whose can intelligently 

integrate behavior and actions of all the actors connected to them to provide a supply of 

electricity safe, economical and sustainable. While many renewable power source are 

large-scale and are connected directly to the transmission system, also there are small-

scale and distributed renewable sources (e.g. solar photovoltaic, energy storage, micro-

wind farms, etc.),  these sources, also known as distributed generations, have to be 

located near consumption points within low-voltage electric distribution to achieve 

efficient and economical requisites.. So the development of micro-grids can be one way 

to solve these questions. Nowadays, emerging power electronic technologies and digital 

control systems makes possible to build advanced micro-grids capable to operate 

independently from the grid and integrating multiple distributed energy resources. A 

review of micro-grid is presented[6], by showing the concept of AC and DC 

distributions mode and their advantages and disadvantages.  

2.1  Smart grids 

The European Technology Platform defines the Smart Grids as the electrical grid that 

can intelligently integrate the behavior and actions of all users connected to them 

(generators, consumers and those who generate and consume) in order to work 

efficiently, economically and ensure electricity supply [8]. 

A Smart Grid has innovated products and services, also intelligent monitoring control 

communication and self-healing technologies to improve the connection and operation 

of generators of all sizes and technologies, allow consumers to play a role in optimizing 

the system operation, giving consumers more information to choose the best option for 

them. Also reduce the environmental impact of electrical system supply and maintain or 

improve the existing levels of reliability, quality and safety system supply. An example 

of smart grid is shown in the Fig. 4. 
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Fig. 4. Smart Grid example 

Smart Grid technology stems from attempts to use consumption controls by measuring 

and monitoring systems.  Since 1980, the meters breakers were used to monitor the load 

of millions of customers, and in 1990 an advanced infrastructure was implemented to 

determine the amount of energy used at different times per day. 

In 2000, in Italy the first Smart Grid project was created spanning nearly 27 millions 

households using smart meters connected via a communication line.  

The Smart Grid maintains constant communication, to be able to control the system in 

real time and it is able to be used as a bridge to the creation of intelligent systems for 

energy savings. One of the first implemented devices was the passive demand to 

determine the frequency variations in the provision of energy in homes[9]. 

Recent projects are those that use wireless technology, or Broadband Over Power Line 

(BPL). The networkôs monitoring and synchronization process evolved when the 

Bonneville Power Administration created a new prototype sensor. This sensor was able 

to analyze anomalies in the power quality of the electric system in large geographical 

areas. This led to the first Wide Area Measurement System (WAMS) in 2000. This 

technology has also been integrated by other countries. China is building it, expecting to 

complete it in 2016. 

Nowadays, Smart Grids have a large amount of research activity.  The EPRI IntelliGrid 

initiative has proposed to create a new electric power delivery infrastructure that 

integrates advances in communications, computing, and electronics to meet the energy 

needs of the future and to facilitate the transformation of the electric infrastructure to 

cost-effectively provide secure, high-quality, reliable electricity products and 

services[10].  
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The EPRI Advanced Distribution Automation (ADA) objective is to create the 

distribution system of the future. It has to be a highly automated system with a flexible 

electrical system architecture operated via open architecture communication and control 

systems. As the systems improve, they will provide increased capabilities for capacity 

utilization, reliability, and customer service options[10].  

The Modern Grid Initiative focus on the modern grid as a new model of electricity 

delivery. It sees the modern grid as a system that utilizes the most innovative 

technologies in the most useful manner by creating an industryïDOE partnership that 

invests significant funds in demonstration projects. They will address key barriers and 

establish scalability, broad applicability, and a clear path to full deployment for 

solutions that offer compelling benefits[10]. 

Each project will involve national and regional stakeholders and multiple funding 

parties. 

2.2  Micro -grids 

Even though a standard protocol to define a micro-grid doesnôt exist, there are certain 

characteristics in the existing micro-grid systems. They are composed of interconnected 

distributed energy resources which provide continuous energy capable of supplying the 

internal load demand. A micro-grid is self-controlled and capable of working in grid-

connected mode and possesses independent control capable of controlling the micro-

grid on islanding mode when a grid service interruption takes place [11]. 

These systems can maximize the use of renewable energy, increase the power quality 

and reliability level for local customerôs loads[11][12]. 

Micro-grid concept has a long history.  Thomas Edisonôs was the first one to implement 

a MG in 1882, the Manhattan Pearl Street Station, due to the actual centralized grid was 

not yet implemented.  By 1886, fifty -eight direct current (DC) micro-grids were 

installed.  However, the evolution of the electric market industry changed to a state-

regulated monopoly AC market, ending with the micro-grid developments.  

Nowadays, a variety of studies and investigations are converging to evolve the electric 

model to implement micro-grids.  It has become clear that the fundamental architecture 

of the 20
th
 century electricity grid based on a unidirectional power flow is obsolete. 

The first ñmodernò industrial micro-grid was built at the Whitling Refinery in Indiana, 

with 64 MW of installed power. This micro-grid was based on fossil-fueled generation.   

Between now and 2015, over 3.1GW of new micro-grid capacity is projected to be 

implemented worldwide.  As shown in the Fig. 5, the United States is the current  

leader, with exactly 626 MW operating at 2010,  and that capacity is expected to 

increase to 2,352 MW by 2015[13]. 
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Fig. 5. World Capacity of Micro-grid [13] 

At 2009, in the United States, 322 MW of college campus micro-grids were up.  In the 

U.S., 40% of future micro-grids will be developed in this market segment, adding 940 

MW of new  capacity valued at $2.76 billion by 2015[13].   

The micro-grid can be classified as AC micro-grid and DC micro-grid, depending by 

distributed sources and loads are connected on the basis of AC or DC power 

transmission. AC micro-grid has the advantage to utilize existing AC grid technologies, 

protections and standards, but also needs synchronization and stability for reactive 

power. 

On the other hand, DC micro-grid has an easier control management and the benefit that 

could eliminate DC-AC or AC-DC power electronics converters required in AC micro-

grid for the sources and DC loads, providing more efficiency, lower cost and system 

size. However, DC micro-grid needs further research about proper operating range of 

DC voltage and protection devices  for the DC system [14]. 

To resume, the DC micro-grid has the following advantages over the AC systems:  

Each Distributed generator connected to the DC micro-grid system can easily be 

operated in coordination because only the DC bus voltage is controlled.  

When there is a fault or a interruption on the AC-grid system, the DC  system is 

disconnected from the  grid, and then it is switched to the islanded operation in which 

the generated power is supplying  the loads connected to the DC distribution system, 

even if one  load is disconnected, it doesnôt affect  to the stability of the micro-grid [2].  

There is only a single AC grid-side inverter needed, therefore the unit system cost and 

the power losses can be reduced [2]. 

If power consumption becomes more than power production during long term isolation, 

DC micro-grid can stop supplying power for some loads intentionality by load side 

converters in order to continue supplying power for high priority loads. It is also 
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possible to form dc loop configuration at the dc distribution part  and to share the power 

between other dc micro-grid systems[4][5]. 

From the viewpoint of the system extendibility, reliability and maintainability, the DC 

and AC micro-grid architecture and control allows to:  

Connect or disconnect more loads to the active bus.  

In the near future, no changes are needed if some units with different power ratings are 

connected to the grid.  

Depending the kind of used control, no signal and data communication is needed among 

the existing units[3]. 

 

2.2.1 Control  

A micro-grid has to be able to import or export energy from the grid,  control the 

power  flows, and balance the voltage bus level. To achieve these objectives, small 

generators, storage devices, and loads have to be controlled. Usually, the distributed 

sources (PV, small wind turbines, or fuel cells) or storage devices use power electronic 

interfaces to connect them with the micro-grid [15].  

According to the ñCharacterization of the Micro-grid in the U.Sò, micro-grids are 

separated in different classes based on the control topology.  

Proposals for micro-gridôs control can be grouped into three types, depending on their 

topology[16][11]. 

a) Simple Class or Virtual óPrime Moverô 

In this topology a central controller measures micro-gridôs state variables and dispatches 

the information to all the distributed generators using fast telecommunication. This 

topology creates one virtual power supply unit which controls all the system behavior. 

This control is based on the telecommunication system; if the communications fail a 

back-up control is needed. Also it is restricted by the limited numbers of 

telecommunications channels available, therefore if some DG is added and there isnôt 

available more channels, the central controller has to be replaced. 

b) Master Class or Physical óPrime Moverô 

In this topology a large central controller unit, usually an energy storage system or a 

generator, is controlled to act as a ñmasterò to handle transient power flows and balance 

the voltage level in an islanded mode.  The other sources act as a ñslaveò injecting 

current to the micro-gridôs bus. The disadvantages of this control is the dependence on 

the master unit, therefore it has to be a reliability central source (i.e. overall system 

reliability), also if there are future changes in load or micro-generation, the central unit 

would have to be resized again. 
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c) Peer to Peer or Distributed Control 

In this topology each units responds autonomously to variation in local state variables, 

as voltage magnitude or power flow. This local control determines transient and default 

behavior. The commutation frequency of each controller unit has to be enough fast to 

ensure stable operation of the micro-grid. An ñintelligentò local control at each sourceôs 

location ensures voltage and frequency stability.  The power flow has to be controlled 

on islanded mode to balance sources and loads without voltage disturbance.  

In the Table 1, the different controlôs methods and their characteristics are shown. 

Table 1. Classification of micro-grid control's methods[17]. 

 Simple or 

ñVirtual Prime Moverò 

Master Control or 

Physical ñPrimer 

Moverò 

Peer to Peer Control 

or Distributed 

Control  

Specific 

Characteristics 

All generators acts as one 

central power plant 

One ñMasterò 

generator control the 

voltage level and the 

ñSlaveò generators 

acts as a current 

sources. 

Without Master 

Control. Each 

generator has a local 

control controlling 

voltage, frequency and 

power. 

Common 

Characteristics 

Multiple sources injecting power on several loads in 

multiple locations. 

All the components are connected to the Microgridôs 

bus. 

Event detection and response control 

 

 

The control strategy for a Distributed Energy Resource unit in a micro-grid has to be 

selected depending the required functions and scenarios. The principal control functions 

for non-interactive control method are active/reactive power control (PQ control) and 

voltage/frequency control (V/F control). The droop control is used for interactive or 

distributed control when the system works in island mode. The control method of a 

DER unit depending to the scenario is shown in Table 2. 

Table 2. DER control method depending the scenario [18]. 

Control Method Grid -Connected Mode Islanded Mode 

Non-interactive Power delivered by MPPTs converters 

(PQ control) 

Voltage and frequency control  

(V/F control) 

Interactive Power dispatch, Active and reactive 

power support 

Droop Control 

 

In the Table 2 the control method is classified into non-interactive control and 

interactive control[18]. The ñinteractiveò control method means that the output power of 

DER unit depends on the conditions of other sources or loads.  

In the interactive control method, the power electronic converters have two separate 

operation modes, if they are connected to the grid they follow the grid inverter, acting as 
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a current source. And they act as a voltage source if the micro-grid is working in 

islanded mode. 

With the aim of connecting several parallel converters, the droop method is usually 

implemented[19]. The applications of this control topology are typically industrial UPS 

systems or islanding micro-grids [20]. Droop control is a method to achieve the peer-to-

peer or distributed control mentioned in Table 1. This technique is a way to make the 

inverters in the micro-grid system to perform a load sharing function in islanded mode.  

In the droop method, active and reactive-power flows can be controlled by the phase 

and the amplitude of the converter voltage. 

The droop method can be expressed as the next equations shows[15]:  

‫ ‫ᶻ Ὃ ί ὖ ὖᶻ                                          (2.1) 

Ὁ Ὁᶻ Ὃ ί ὗ ὗᶻ                                          (2.2) 

Where E is the amplitude of the output voltage, ɤ is the frequency, ɤ*  and E* are the 

values without loads (reference values), and  GP(s) and GQ(s) the transfer functions. 

The unbalance voltage between parallel controllers is caused by the current that 

circulates in the sources. To reduce this current, a virtual output impedance is 

programmed to emulate physical output impedance. This virtual impedance has not 

power losses[21]. 

2.2.2 Real micro-grid overview  

Some examples of micro-grid implementations are shown below: 

There are good examples like the Consortium for Electric Reliability Technology 

Solution (CERTS) micro-grid. Composed by three combined heat and power sources 

(CHP), driven by natural gas, connected in parallel with energy storage systems 

integrated by a bi-directional DC/DC converter. Each unit has their own control, made 

by P-f and V-Q droop line and PI control loops, this control topology is called Peer to 

Peer or Distributed Control, because there is not a central control[22], the micro-grid 

model is shown in Fig. 6.  
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Fig. 6. CERTS AEP Micro-grid [16][22] 

In Mad River a micro-grid has been built by the Northern Power Systems. A central 

MG controller controls the medium voltage switch and the loads. There isnôt a Master 

unit like a Energy Storage System, then the control is Simple class or Virtual ñPrime 

Moverò, made by dispatching signals using fast telecommunications [13] [14], the Mad 

River micro-grid is shown in Fig. 7. 

 

Fig. 7. MAD River Micro-grid [16], [23] 

The British Columbia Hydro Boston Bar MG is able to supply a feeder with 3MW peak 

load, has an 8.6MVA of hydroelectric generation. The system effectively employs a 

single large generation station to control the net sub-system behavior. The topology of 
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the control is a Master class or Physical ñPrimer Moverò [16], [22], the micro-grid 

model is shown in Fig. 8. 

 

Fig. 8. BC Boston Bar Micro-grid [16], [22] 

Japan is one of the modern leaders in the micro-grid sector, though most of its micro-

grids include governmental and other institutional customers. 

The Shimizu Corporation has built a large scale micro-grid in Tokyo, Japan. Composed 

by 4 Gas Engine models, a PV array and three ESS (a lead-acid battery, a NiMH battery 

and an ultracapacitor). All these sources feed the Shimizu laboratories. The control is 

made by a Central control without a Master unit, therefore is  a Simple class or Virtual 

ñPrime moverò [16], [24], the Shimizu micro-grid is shown in Fig. 9. 

 

Fig. 9. Shimizu Extended Micro-grid [16], [24] 
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In Hachinohe is used a private 6kV feeder. The private distribution line was constructed 

to transmit electricity primarily generated by the gas engine system. Several PV systems 

and small wind turbines are also connected to the micro-grid. At the sewage plant, three 

170-kW gas engines and a 50-kW PV system have been installed. The system is 

controlled by a Central Control System, without a Master unit, whose dispatches signals 

using fast telecommunications. Therefore, the control topology is a Simple class o 

Virtual ñPrimer Moverò [16], [25], the model is shown in Fig. 10. 

 

Fig. 10. Hachinohe System Micro-grid [16], [25] 

Nowadays, DC micro-grids are an experimental issue, there is implemented a DC 

micro-Grid in Sendai, Japan, such it is shown in Fig. 11 [26]. This system is presently 

under-construction and is planned to include a 50 kW of PV micro-generation, two gas 

engines, a molten carbon fuel cell,  also there is a battery backup fed through a DC/DC 

converter, to supply a full Uninterruptible Power Supply (UPS) back-up to part of the 

system and supplies some DC loads. This system is able to feed different kinds of 

power quality, a Premium power quality  without voltage sags, a high quality power 

with voltage sags less than 15 ms, and the normal power quality, this system is shown in 

the Fig. 12 [26][16]. 
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Fig. 11. A picture of Sendai DC Micro-grid [26] 

 

 

Fig. 12. Sendai Project: Multiple power quality supply system [16], [26] 

Also in the Mayway Labs in Akagi (Japan) there is implemented a  DC micro-grid of 10 

kW composed by  five units; the solar-cell generation unit, the wind-turbine generation 

unit, the battery energy-storage control unit, the flywheel power-leveling unit, and the 

ac-grid-connected inverter unit, Fig. 13 [27] .The power generated by the solar cell and 

the wind turbine is supplied to the dc load through the dc grid. The inverter sends the 

surplus power into the ac gird when the battery is a full  charge. When the amount of the 

power generation is insufficient, the battery discharges the power into the dc grid. The 

inverter takes the power from the dc grid system when the battery has no power. The 

flywheel smoothes changes in power generation. The changes are caused by changes in 

the sun and/or wind conditions.  
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Fig. 13. Implemented Micro-grid in Mayway Labs, Akagi (Japan) [27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




































































































































































