
เสถียรภาพของกริดขนาดเลก็ที่มีแหลงผลติกําลังไฟฟาจากลม 

 

 

 

 

 

 

 

 

 

 

 

 

นาย โซวาน เลง 

 

 

 

 

 

 

 
 

 

 

 

วิทยานิพนธนี้เปนสวนหนึ่งของการศึกษาตามหลักสูตรปริญญาวิศวกรรมศาสตรมหาบัณฑิต 
สาขาวิชาวิศวกรรมไฟฟา ภาควิชาวิศวกรรมไฟฟา 
คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวทิยาลัย 

ปการศึกษา 2551 
ลิขสิทธิ์ของจุฬาลงกรณมหาวิทยาลัย 

 



STABILITY OF A MICROGRID WITH WIND POWER GENERATION 

 

 

 

 

 

 

 

 

 

Mr. Sovannarith Leng 

 

 

 

 

 

 

 

 

 

 

 

A Thesis Submitted in Partial Fulfillment of the Requirements 

for the Degree of Master of Engineering Program in Electrical Engineering 

Department of Electrical Engineering 

Faculty of Engineering 

Chulalongkorn University 

Academic Year 2008 

Copyright of Chulalongkorn University 









vi 

ACKNOWLEDGEMENTS 
 

I express, from bottom of heart, my deepest and sincerest appreciation and 
gratitude to my beloved adviser, Dr. Naebboon Hoonchareon for his instructions, 
guidance, care, friendly discussion, and continuous encouragement. In my life, I will 
not forget encouragement and helpful advice for my study at Chulalongkorn 
University.  

I especially wish to thank my thesis committee: Professor Dr. Bundhit Eua-
Arporn, Dr. Somboon Sangwongwanich, and Assoc. Prof. Dr. Issarachai Ngamroo, 
for their invaluable advices, thesis supervision, and instructive encouragement.  

Thanks also to the lecturers and professors at the Department of Electrical 
Engineering, Chulalongkorn University, for their invaluable sources of knowledge, 
and wisdoms.  

Very special and profound thanks and gratitude to my beloved parent for their 
love, constant moral encouragement, and their sacrifice of everything for their sons 
and daughters. They always support and hold me when I am down so I never lost my 
spirit. No word I can say about their goodness. I am very proud to be their son. I also 
thank to my brothers and sister for caring and support. It is to them that I dedicate this 
thesis. 
 
The last but not least, I would like to express my deepest appreciation to JICA  for 
AUN/SEED-Net project for my financial support, to officers and staffs of 
International School of Engineering (ISE) and AUN/SEED-Net for their kindness and 
help during my study.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONTENTS 
 

ABSTRACT (THAI) ................................................................................................... iv 

ABSTRACT (ENGLISH) ............................................................................................ v 

ACKNOWLEDGEMENTS ....................................................................................... vi 

CONTENTS................................................................................................................ vii 

LIST OF FIGURES .................................................................................................... ix 

LIST OF TABLES ....................................................................................................... x 

CHAPTER I INTRODUCTION ................................................................................ 1 
1.1 Motivation .......................................................................................................... 1 
1.2 Objective of Research ......................................................................................... 2 
1.3 Scope of Research .............................................................................................. 2 
1.4 Research Methodology ....................................................................................... 2 
1.5 Expected Contribution ........................................................................................ 3 

CHAPTER II MICROGRID OPERATION ............................................................. 4 
2.1 Definition ............................................................................................................ 4 
2.2 Structure.............................................................................................................. 4 
2.3 Modes of Operation ............................................................................................ 5 
2.4 Applications ........................................................................................................ 6 
2.5 Practical Issues ................................................................................................... 6 
2.6 Microgrid Stability ............................................................................................. 7 

CHAPTER III WIND POWER GENERATION...................................................... 8 
3.1 Aerodynamic System .......................................................................................... 8 

3.1.1 Tip Speed Ratio .......................................................................................... 9 
3.1.2 Power Coefficient ..................................................................................... 10 

3.2 Wind Turbine Technologies ............................................................................. 11 
3.2.1 Fixed-Speed Wind Turbines ..................................................................... 11 
3.2.2 Variable-Speed Wind Turbines ................................................................ 11 

3.3 Wind Turbine Configurations ........................................................................... 12 
3.3.1 Type A: Fixed Speed ................................................................................ 12 
3.3.2 Type B: Limited Variable Speed .............................................................. 13 
3.3.3 Type C: Variable Speed With Partial Scale Frequency Converter .......... 13 
3.3.4 Type D: Variable Speed With Full-Scale Frequency Converter .............. 14 

3.4 Voltage Control Capability of Wind Turbine ................................................... 14 
3.4.1 Current Wind Turbine Types ................................................................... 14 
3.4.2 Wind Turbine Voltage Control Capabilities ............................................ 15 

3.5 Induction Generator .......................................................................................... 17 
3.5.1 Principle of Operation .............................................................................. 17 
3.5.2 Induction Machine Equivalent ................................................................. 18 
3.5.3 Steady State Performance Equations of an Induction Machine ............... 21 
3.5.4 Steady State Performance ......................................................................... 22 



viii 

CHAPTER IV SYSTEM MODELED ..................................................................... 25 
4.1 Microgrid System Model .................................................................................. 25 
4.2 Wind Power System Model .............................................................................. 26 

4.2.1 Wind Speed Model ................................................................................... 26 
4.2.2 Rotor Model ............................................................................................. 27 
4.2.3 Doubly-Fed Induction Generator Model .................................................. 29 
4.2.4 Converter Model ...................................................................................... 32 
4.2.5 Rotor-Side PWM Controller Model ......................................................... 36 
4.2.6 Grid-Side PWM Control Model ............................................................... 40 
4.2.7 Pitch Angle Controller Model .................................................................. 42 

4.3 Synchronous Machine Model ........................................................................... 42 
4.3.1 Generator Model ...................................................................................... 42 
4.3.2 Governor Model ....................................................................................... 47 

4.4 Load Model....................................................................................................... 47 
4.5 Network Model ................................................................................................. 48 

CHAPTER V TEST RESULTS AND DISCUSSION............................................. 53 
5.1 Validation of System Model ............................................................................. 53 

5.1.1 WT-SCIG without Local VAr Compensation .......................................... 53 
5.1.2 WT-SCIG with Local VAr Compensation ............................................... 55 

5.2 Dynamic Responses under Local Capacitor Switching .................................... 60 
5.3 Dynamic Responses Under Small Disturbance ................................................ 64 
5.4 Dynamic Responses Under Temporary Fault ................................................... 66 
5.5 Dynamic Responses Under Permanent Fault ................................................... 68 
5.6 Impact of Load Model ...................................................................................... 70 
5.7 Small Signal Analysis ....................................................................................... 71 

CHAPTER VI CONCLUSION ................................................................................ 74 
6.1 Conclusion ................................................................................................... 74 
6.2 Future Works ............................................................................................... 74 

REFERENCES ........................................................................................................... 75 

APPENDIX ................................................................................................................. 76 

BIOGRAPHY ............................................................................................................. 78 
 

 

 

 

 

 

 

 

 



ix 

LIST OF FIGURES 

Figure 2.1 Microgrid architecture. ................................................................................. 5 
Figure 3.1 Illustration of wind conditions around the moving blade ........................... 10 
Figure 3.2 Wind turbine type A ................................................................................... 12 
Figure 3.3 Wind turbine type B ................................................................................... 13 
Figure 3.4 Wind turbine type C ................................................................................... 13 
Figure 3.5 Wind turbine type D ................................................................................... 14 
Figure 3.6 Widely used wind turbine types ................................................................. 15 
Figure 3.7 Dependence of (a) active and (b) reactive power of a squirrel cage 

induction generator .................................................................................... 16 
Figure 3.8 Elementary equivalent circuit for induction machine ................................ 19 
Figure 3.9  Equivalent circuit for an induction machine ............................................. 20 
Figure 3.10 Equivalent circuit with rotor at stator frequency ...................................... 20 
Figure 3.11 Induction machine speed-torque characteristic ........................................ 23 
Figure 3.12 Generation and braking characteristics of the induction machine ............ 24 
Figure 4.1 Single line diagram of the studied microgrid system ................................. 25 
Figure 4.2 Wind power system .................................................................................... 26 
Figure 4.3 Wind speed simulation ............................................................................... 27 
Figure 4.4 Weibull distribution at each wind speed .................................................... 27 
Figure 4.5 Performance coefficient of wind turbine .................................................... 28 
Figure 4.6 Turbine characteristic ................................................................................. 28 
Figure 4.7 Block diagram of rotor model .................................................................... 29 
Figure 4.8 Full-bridge dc-dc converter ........................................................................ 33 
Figure 4.9 PWM with bipolar voltage switching ......................................................... 33 
Figure 4.10 One-leg switch-mode inverter .................................................................. 34 
Figure 4.11 Pulse-width modulation (PWM)............................................................... 35 
Figure 4.12 Sinusoidal PWM ....................................................................................... 36 
Figure 4.13 Turbine characteristic and optimal power tracking curves ....................... 38 
Figure 4.14 V-I characteristic ...................................................................................... 39 
Figure 4.15 Block diagram of rotor-side converter control ......................................... 40 
Figure 4.16 Schematic of grid-side converter .............................................................. 40 
Figure 4.17 Block diagram of grid-side converter control .......................................... 41 
Figure 4.18 Pitch angle control model ......................................................................... 42 
Figure 4.19 Droop characteristic .................................................................................. 47 
Figure 4.20 Constant power dynamic load model ....................................................... 48 
Figure 4.21 Transformation reference frame ............................................................... 51 
Figure 5.1 Simulink block of microgrid with WT-SCIG ............................................. 53 
Figure 5.2 Dynamic responses of SCIG without local VAr compensation ................. 55 
Figure 5.3 Mechanical torque of wind turbine ............................................................. 57 
Figure 5.4 Dynamic responses of SCIG with var compensation ................................. 59 
Figure 5.5 Simulink block of microgrid with WT-SCIG and SG ................................ 60 
Figure 5.6 Impact of local compensator on stability of MG ........................................ 63 
Figure 5.7 Simulink block of MG with DFIG and a constant power load model ........ 64 
Figure 5.8 Dynamic performances under small disturbance ....................................... 65 
Figure 5.9 Active power fluctuation ............................................................................ 66 
Figure 5.10 Dynamic performances under temporary fault ......................................... 68 
Figure 5.11 Dynamic performances under permanent fault ........................................ 69 
Figure 5.12 Simulink block of MG with all constant power loads .............................. 70 
Figure 5.13 Frequency of the MG ................................................................................ 71 



x 

LIST OF TABLES 
 

Table 2.1 Relative sizes of distributed generation ......................................................... 7 
Table 3.1Approximation of power curves ................................................................... 10 
Table 3.2 Wind turbine types ....................................................................................... 12 
Table 4.1 Nominal values of wind turbine rotor .......................................................... 29 
Table 5.1 Load flow initialization without local VAr compensation .......................... 54 
Table 5.2 Line flow and losses without local VAr compensation ............................... 54 
Table 5.3 Load flow initialization with local VAr compensation ............................... 55 
Table 5.4 Line flow and losses  with local VAr compensation ................................... 55 
Table 5.5 Load flow initialization without local VAr compensation .......................... 61 
Table 5.6 Line flow and losses  without local VAr compensation .............................. 61 
Table 5.7 Load flow initialization with local VAr compensation ............................... 62 
Table 5.8 Line flow and losses with local VAr compensation .................................... 62 
Table 5.9 Eigen values of the linearized model of the MG ......................................... 72 
Table 5.10 Participation factors ................................................................................... 72 
 
 

 

 

 

 

                                                                                                                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER I  
 

INTRODUCTION 
 

1.1 Motivation 
Current research topics relating to microgrid application have gained 

increasing attention recently due to the continued advancement of distributed 
generation (DG) technology and the environmental incentives of such a small-scaled 
power system. This could significantly change the structure of electric power industry 
to which power engineers are accustomed. Some large power plants could soon be 
disconnected from the grid because of their deteriorating efficiency and adverse 
impacts on the environment, whereas the total amount of power generated by modern 
DG technologies is expected to increase significantly. Hence, it requires attention of 
power system engineers and researchers to look into issues pertinent to system 
performance of the micro-grid, including stability performance. 

Most emerging technologies to be employed in the micro-grid such as wind 
turbine, photovoltaic, micro-turbine, fuel cell, as well as high-performance energy 
storage have their dynamical characteristics quite different from one another, and 
from those of conventional technology. Hence, modeling dynamical performance of a 
microgrid system is rather a complex task. In this thesis, it examines stability of a 
microgrid which is primarily supplied by one of the most likely to be utilized sources, 
that is wind power generation.  

Wind power generation employing a doubly-fed induction generator (DFIG) is 
one of the fastest growing sources of power generation worldwide because of the 
following crucial features: ample and widespread resources, clean and suitable for 
remote areas, and fast technology advancement [1]. The salient characteristics of 
DFIG for this application are its capabilities to optimize the output electrical power 
and to minimize impact of the fluctuation of wind velocity on the generated power, 
simultaneously.  

In Thailand, it is expected to see the increasing number of DGs within 
distribution systems in response to the government policy on promoting the uses of 
renewable energy and of high-efficiency combined heat and power (CHP) technology, 
through the scheme of purchasing electric power from Very Small Power Producers 
(VSPP). In Cambodia, with the country’s distributed structure of power systems 
having already existed, it could see more prevalent uses of DGs, especially in the 
types of wind power and small hydro power in the near future.   

Although penetration of DGs currently has not yet reached the significant 
level, that situation is changing quite rapidly and requires attention to issues related to 
high penetration of DG within the distribution systems. Indiscriminant application of 
individual DG could cause quite technical challenges, such as voltage regulation, 
protection coordination, and distribution system reliability, for operating an entire 
distribution system. To that end, a better way to realize the emerging potential of DG 
is to take a system-based approach which views a group of DGs and the associated 
loads as a subsystem, referred to as “Microgrid”. 

Many researches are being undertaken relating Microgrid (MG). Some model 
architectures have been proposed. Although the components of a MG are fairly well 
understood, the system as a whole is not. When several sources are connected to form 
a MG, the system behavior remains unpredictable. This being the case, modeling the 
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system and examining its dynamical behaviors in order to develop an appropriate 
control system is crucial to the success of MG operation. 

 
1.2 Objective of Research 

The specific objectives of this thesis are devoted to 
1. Modeling and analyzing dynamic performances of a microgrid with wind 

power generation. 
2. Investigating stability performances of the microgrid under small and large 

disturbances, including islanding mode of operation in order to try to 
address the control performance requirement for maintaining the MG 
stability. 

 
1.3 Scope of Research 

The scope of this research is limited to  
1. Modeling of MG’s main components, of which it includes:   

• Wind Power: wind speed, rotor turbine, squirrel cage induction 
generator (SCIG), doubly-fed induction generator (DFIG) and its 
control system that encompasses both mechanical control with 
pitch control scheme and electrical control by using PWM with 
current control scheme. 

• Synchronous Generator: governor and excitation 
• Load: constant power  
• Network 

2. Study the stability issues pertinent to small signal stability caused by 
wind fluctuation and transient stability caused by temporary and permanent faults, 
respectively.    

 
1.4 Research Methodology 

1. Literature reviews of background knowledge relevant to Micro-grid 
system structure, generation components, control components, applications 
and modes of operation. 

2. Identify salient features of microgrid dynamic performance and technical 
problems associated with system stability.  

3. Develop a software program capable of simulating dynamic behavior of 
the system modeled of microgrid of interest in order to get acquaintance 
with microgrid dynamic performance.  

4. Validate the constructed model using relevant data from reference articles. 
5. Define the thesis problem statement and revise or fine-tune the specific 

objective and scope of study as appropriate: What a microgrid system to 
model is, how to analyze and evaluate microgrid stability, what the control 
performance requirement(s) is to ensure the stability of the microgrid 
operation.  

6. Classify case studies according to various probable scenarios of 
disturbances both inside and outside the microgrid. 

7. Analyze simulated test results, make critical discussion, and revise 
experimental design as necessary. 

8. Make conclusion, and document for a thesis report and publication. 
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1.5 Expected Contribution 
The contribution of this thesis study may include: 
1. Get dynamic models of MG’s components consisting of wind power 

generation equipped with squirrel cage induction generator (SCIG), wind 
power generation equipped with doubly-fed induction generator (DFIG), 
constant power load, and synchronous generation with governor and 
constant excitation model. 

2. Obtain a tool for MG stability investigation under both small and large 
disturbances.  

For the following of the thesis, chapter II introduces briefly to the general 
concept of the microgrid including definition, structure, modes of operation, and 
application of the microgrid. Chapter III provides the background on wind power 
generation that describes rotor characteristic of wind turbine, aerodynamic of the wind 
and types of generator that are used for state-of-art wind turbine. Chapter IV describes 
all the component models used in this thesis. In chapter V, the test results of various 
case studies are illustrated followed by the discussion. Last is the conclusion of this 
thesis presented in chapter VI. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



CHAPTER II 
 

MICROGRID OPERATION 
 

One class of dynamic effects of immediate concern is the possibility for 
distributed generation (DG) to alter the local dynamics of a specific subsystem or 
distribution feeder. This becomes a concern when there is a significant penetration of 
DG relative to the total load on that feeder. Such localized concentrations are likely to 
occur even before DG becomes more commonplace. Thus, there is some urgency for 
the power industry to understand the possible effects of locally high concentrations of 
DG. One concept that shows promise as a means of taking full advantage of DG is the 
microgrid (MG). MG has currently receiving considerable interest from the power 
community [2]. In this section, the general concept of the microgrid is emphasized 
including its definition, operation and application. 
 
2.1 Definition 

Microgrid is a cluster of loads and micro-sources, operating as a single 
controllable system that provides both power and heat to its local area enabling a 
more efficient use of renewable resources, which boosts efficiency and lowers 
emissions [3]. 

 
The main incentives of MG operation is that it can provide 

• Reduction in green-house gas emissions; hence, mitigating climate change 
• Increased energy efficiency  
• Deregulation or competition policy 
• Diversification of energy resources 

 
2.2 Structure 

Figure2. 1 shows the MG architecture. It consists of a group of feeders with a 
single point of connection to the main distribution utility which is referred to as point 
of common coupling (POCC), a separation device (SD) that can disconnect the MG 
immediately when a fault occurs in the distribution grid. The sensitive loads are 
located at the feeder 1, 2 and require the local generation. The traditional loads are 
connected to the feeder 3 and have no requirement of any local generation. The local 
controllers (LC) are equipped with each local generation similar to conventional 
controllers such as AVR or governor. Additionally, in the MG system it has also the 
communication network to exchange information among LCs and upper central 
controller to achieve the advanced control [3]. 
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Figure 2. 1 Microgrid architecture [3]. 

 
2.3 Modes of Operation 

Concepts for micro-grids fall into two general categories [4]: 
• Systems that are intended to always be operated isolating from a large 

utility grid. 
• Systems that are normally connected to a larger grid. 

 
Conceptually, the isolated microgrid is like a scaled-down version of a large 

scale utility grid. Many of the technical requirements are the same. In order to supply 
reliability, and quality of power, the microgrid must have mechanisms to regulate 
voltage and frequency in response to changes in customer loads and in response to 
disturbances. 

For the grid-connected microgrid, the distinction is more subtle. The basic 
concept is that the microgrid is designed and operated such that it behaves like a 
single, predictable and orderly load or generator to the main grid at the point of 
interconnection. This arrangement provides several potential advantages for all of the 
stakeholders, this includes 

• DG owners may be able to size and operate their generation more 
economically, by being able to export (or import) power to the micro-grid. 

• The micro-grid takes advantage of load diversity to reduce the total 
installed DG capacity required. 

• The customers load may be able to have a continued service, possibly at a 
reduced level, when connection to the host utility is lost. 
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• The host utility may be able to depend on the microgrid to serve customers 
load in such a fashion that substation and bulk power infrastructure need 
not be rated (or expanded) to meet the entire connected load, as in the case 
if the DG were not present.  

• The microgrid could be controlled in such a fashion as to be active asset to 
bulk system reliability. For example, it can provide spinning reserve or 
black start services to the main grid. 

 
2.4 Applications 

The microgrid concept is an advanced approach for enabling integration of, in 
principle, an unlimited quantity of distributed energy resources (DER) into the 
electricity grid. The micro-grid concept is driven by two fundamental principles:  

1) A system perspective is necessary for customers, utilities, and society to 
capture the full benefits of integrating distributed energy resources into an 
energy system 

2) The business development for accelerating adoption of these advanced 
concepts will be driven, primarily, by lowering the cost and enhancing the 
value of microgrid.  

Each innovation embodied in the microgrid concept, e.g., intelligent power 
electronic interfaces a single, smart switch for grid disconnect and resynchronization, 
has been created specifically to lower the cost and improve the reliability of smaller-
scale distributed generation (DG) systems. The goal of this thesis is to accelerate 
realization of the many benefits offered by smaller-scale DG, such as their ability to 
supply waste heat at the point of need (avoiding extensive thermal distribution 
networks) or to provide higher power quality to some but not all loads within a 
facility. From a grid perspective, the micro-grid concept is attractive because it 
recognizes the reality that the conventional distribution system is extensive, old, and 
will change very slowly. The micro-grid concept enables high penetration of DER 
without requiring re-design or re- engineering of the distribution system, itself. 

During disturbances, the generation and load can autonomously separate from 
the distribution system to isolate the micro-grid’s load from the disturbance (and 
thereby maintaining high level of service) without harming the transmission grid’s 
integrity. Intentional islanding of generation and loads has the potential to provide a 
higher local reliability than that provided by the power system as a whole. The 
smaller size of emerging generation technologies permits generators to be placed 
optimally in relation to heat loads allowing for use of waste heat. Such applications 
give more than double the overall efficiencies of the systems [5]. 

 
2.5 Practical Issues 

From [6] the two barriers of the microgrid operation are highlighted as 
follows: 

 
Technical 
• Limited availability of advanced DG options that can compete 

economically.  
• Need streamlined analysis tools for evaluating high penetration effects on 

distribution system. 
• Need verified and recognized safety/protective relaying methods for both: 

grid connected and isolated operations of MG. 
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Economic & Regulatory 
• Emerging DG technologies must achieve aggressive commercialization 

and cost goals. 
• Need interconnection standards that address microgrid systems. 
• Utility policies create barriers to market. In fact, they should participate 

and provide the ability to enhance and support the new form of such power 
system generation such as microgrid. 

• No comprehensive method in place to monetize combined benefits to 
users, utilities, and society. 

From the above, it can be seen that DG is one of the main components inside 
the microgrid operation. Table2.1 provides the size classification of DG for further 
clarify about the concept of distributed generation. 
 
Table 2. 1 Relative sizes of distributed generation [7] 
Micro distributed generation ~ 1 watt ൏ 5 kW 
Small distributed generation 5 kW      ൏ 5 MW 
Medium distributed generation 5 MW     ൏ 50 MW 
Large distributed generation 50 MW   ൏ ~ 300 MW 
 
From the power generation and control perspectives, DG units can be divided into two 
main categories: dispatchable and non-dispatchable sources.  

A dispatchable DG source is defined as a fast-response energy source which 
has adequate capacity to meet the real and reactive power commands within specified 
limits. Such a source may interface through a power converter and include storage 
devices on its DC side, e.g. a variable-speed wind-turbine based power generation 
unit connected through a back-to-back converter to utility systems, or a fuel-cell 
powered converter.  

A non-dispatchable source is either a slow-response source in terms of its 
response time to variations in real and reactive power references during transients, 
e.g. a   gas-turbine generator with the response time in the order of 50 ms to a few 
seconds, or acts as an uncontrollable source which is highly dependent on the power 
provided by its prime source, e.g. photovoltaic source that relies only on solar 
radiations or a fix-speed wind-turbine based power generation source that rely on 
wind resources with unpredicted, time-varying nature, as the input energy [1]. 
 
2.6 Microgrid Stability 

The growing concern about interaction of distributed energy resources (DER) 
has been raised, especially the issue associated with system stability under the high 
penetration of DER [8]. Extra burdens have been added to the microgrid operation 
because of some requirement such as power electronic inverters and protection design 
for maintaining the safety and stability of the microgrid during both grid-connected 
mode and islanded mode. The stability of the microgrid is affected by some vital 
factors such as the control strategies of micro-sources and energy storage system, 
types of load in the MG, location of fault and inertia constant of rotating machine   
[9].  

 
 
 



CHAPTER III 
 

WIND POWER GENERATION 
 

As a result of increasing environmental concern, the impact of conventional 
electricity generation on the environment is being minimized and efforts are made to 
generate electricity from renewable sources. The main advantages of electricity 
generation from renewable sources are the absence of harmful emissions and the 
infinite availability of the prime mover that is converted into electricity. One way of 
generating electricity from renewable sources is to use wind turbines to convert the 
energy contained in flowing air into electricity.  

Wind turbines often do not take part in voltage and frequency control. Hence 
when a disturbance occurs, the wind turbines are disconnected, and reconnected when 
normal operation has been resumed. Thus, notwithstanding the presence of wind 
turbines, frequency and voltage are maintained by controlling the large power plants 
as would have been the case without any wind turbines present. This is possible, as 
long as wind power penetration is still low. 

However, a tendency to increase the amount of electricity generated from 
wind turbines can be observed. Therefore, the penetration of wind turbines in 
electrical power systems will increase and they may begin to influence overall power 
system behavior, making it impossible to run a power system by only controlling 
large scale power plant. It is therefore important to study the behavior of wind 
turbines in an electrical power system and their interaction with other generation 
equipment and with loads. 
The three typical types of machines to be used with wind turbine that are often used in 
power generation are:  

• Squirrel cage induction generator  
• Direct drive synchronous generator, and 
• Doubly-fed induction generator  

 
3.1 Aerodynamic System [10]     

Unlike different type modeling of generators, converters, mechanical shaft 
systems and control systems, the aerodynamic system is the novel and unfamiliar 
modeling system for the electromechanical engineers and will be represented and 
outlined in this section.  

 
Wind Turbine Rotor 

From a physical point of view, the static characteristics of a wind turbine rotor 
can be described by the relationships between the total power in the wind and the 
mechanical power of the wind turbine. These relationships are readily described 
starting with the incoming wind in the rotor swept area. It can be shown that the 
kinetic energy of a cylinder of air of radius R travelling with wind speed ௪ܸ௜௡ௗ 
corresponds to a total wind power ௪ܲ௜௡ௗ within the rotor swept area of the wind 
turbine. This power, ௪ܲ௜௡ௗ, can be expressed by: 

 
௪ܲ௜௡ௗ ൌ ଵ

ଶ
ଶܴߨ஺ூோߩ

௪ܸ௜௡ௗ
ଷ     (3. 1) 
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Where ߩ஺ூோis the air density (=1.225 kg/m3) 
R is the rotor radius 

௪ܸ௜௡ௗ is the wind speed 
 

It is not possible to extract all the kinetic energy of the wind, since this would 
mean that the air would standstill directly behind the wind turbine. This would not 
allow the air to flow away from the wind turbine, and clearly this cannot represent a 
physical steady-state condition. The wind speed is only reduced by the wind turbine, 
which thus extracts a fraction of the power in the wind. This fraction is denoted as the 
power efficiency coefficient, CP, of the wind turbine. The mechanical power, ௠ܲ௘௖௛, 
of the wind turbine is therefore – by the definition of CP – given by the total power in 
the wind ௪ܲ௜௡ௗaccording to the following equation: 
 

௠ܲ௘௖௛ ൌ ௣ܥ ௪ܲ௜௡ௗ    (3. 2) 
 

It can be shown that the theoretical, as being described by [14], static upper 
limit of CP is 16/27 (approximately 0.593). That is, it is theoretically possible to 
extract approximately 59% of the kinetic energy of the wind. This is known as Betz’s 
limit. For a comparison, modern three-bladed wind turbines have an optimal CP value 
in the range of 0.52–0.55 when measured at the hub of the turbine. 

In some cases, CP is specified with respect to the electrical power at the 
generator terminals rather than regarding the mechanical power at the turbine hub; 
that is, the losses in the gear and the generator are deducted from the CP value. When 
specified in this way, modern three-bladed wind turbines have an optimal CP value in 
the range of 0.46–0.48. It is therefore necessary to understand whether CP values are 
specified as a mechanical or as an electrical power efficiency coefficient. 

If the torque ௠ܶ௘௖௛ is to be applied instead of the power ௠ܲ௘௖௛, it is 
conveniently calculated from the power ௠ܲ௘௖௛ by using the turbine rotational 
speed߱௧௨௥௕: 

 
௠ܶ௘௖௛ ൌ ௉೘೐೎೓

ఠ೟ೠೝ್
     (3. 3) 

 
It is clear that the power, ௠ܲ௘௖௛, that is extracted from the wind will depend on 

rotational turbine speed, wind speed and blade angle, ߚ. Therefore, ௠ܲ௘௖௛, and hence 
CP can be represented as functions of these quantities. 
 

௠ܲ௘௖௛ ൌ ௉݂೘೐೎೓ሺ߱௧௨௥௕, ௪ܸ௜௡ௗ,  ሻ   (3. 4)ߚ
 
3.1.1 Tip Speed Ratio 

From Figure 3.1, the possible energy extraction will depend on the angle of 
incidence ߮ between the plane of moving rotor blade and relative wind speed Vrel 
seen from the moving blades. The angle of incidence ߮ is determined by the incoming 
wind speed ௪ܸ௜௡ௗ and the speed of blades. Another commonly used term in the 
aerodynamics of wind turbines is the tip-speed ratio (TSR),ߣ which is defined by: 

 
ߣ ൌ ఠ೟ೠೝ್ோ

௏ೢ೔೙೏
      (3. 5) 
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Figure 3.1 Illustration of wind conditions around the moving blade [10] 

 
Therefore, the angle of incidence can be calculated as: 
 

߮ ൌ tanିଵ ቀଵ
ఒ
ቁ ൌ tanିଵ ቀ ௏ೢ೔೙೏

ఠ೟ೠೝ್ோ
ቁ    (3. 6) 

 
Note: Vtip = tip speed; ߱୲୳୰ୠ = turbine rotational speed; R = rotor radius; Vrel = 
relative wind speed; ௪ܸ௜௡ௗ = wind speed; α = angle of attach; φ = angle of incidence 
between the plane of the rotor and Vrel; β = blade angle. 

3.1.2 Power Coefficient 
The power coefficient Cp can be expressed as a function of tip speed ratio ߣ 

and pitch angleߚ. The highest value of CP is typically obtained for ߣ value in the 
range of 8 to 9, i.e. when the tip of the blades moves 8 to 9 times faster than the 
incoming wind. Manufacturer documentation shows that the power curves of 
individual wind turbines are very similar, so a general approximation can be used for 
computation of power coefficient CP of both constant-speed and variable-speed wind 
turbines [10]: 

 
,ߣ௉ሺܥ ሻߚ ൌ ܿ1 ቀ௖ଶ

ఒ೔
െ ߚ3ܿ െ ௖ହߚ4ܿ െ ܿ6ቁ ݌ݔ݁ ቀି௖଻

ఒ೔
ቁ   (3. 7) 

 
Where  

௜ߣ ൌ ቂቀ ଵ
ఒା௖଼ఉ

ቁ െ ቀ ௖ଽ
ఉయାଵ

ቁቃ
ିଵ

    (3. 8) 
 

The table 3.1 shows the value of parameters c1 to c9 with the original 
parameters used by [10]. 
 
Table 3. 1Approximation of power curves 
 c1 c2 c3 c4 c5 c6 c7 c8 c9 
Heier (1998) 0.5 116 0.4 0 — 5 21 0.08 0.035 
Constant-speed wind turbine 0.44 125 0 0 0 6.94 16.5 0 -0.002 
Variable-speed wind turbine 0.73 151 0.58 0.002 2.14 13.2 18.4 -0.02 -0.003 

 
Alternatively, the reference [11] provides different mathematical approach given by 
(3.9) and (3.10), which will be used in this thesis. Nevertheless, both sets of equations 
generate the curves with the same fundamental shape as those of the physical wind 
turbine. 
 

 ߚ

 ߮ ߙ

௧ܸ௜௣ ൌ െ߱௧௨௥௕ ൈ ܴ 
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,ߣ௉ሺܥ ሻߚ ൌ ܿ1 ቀ௖ଶ
ఒ೔

െ ߚ3ܿ െ ܿ4ቁ ݌ݔ݁ ቀି௖ହ
ఒ೔

ቁ ൅  (9 .3)   ߣ6ܿ
 
Where  

௜ߣ ൌ ቂቀ ଵ
ఒା଴.଴଼ఉ

ቁ െ ቀ଴.଴ଷହ
ఉయାଵ

ቁቃ
ିଵ

    (3. 10) 
 
With the coefficient c1 to c6 are: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and 
c6 = 0.0068.  
                                                                                                                                                                  
3.2 Wind Turbine Technologies [10] 

Wind turbines can operate either with a fixed speed or a variable speed. 
 

3.2.1 Fixed-Speed Wind Turbines 
The standard installed wind turbines, since early 1990s, operate at fix speed. 

That means regardless of the wind speed, the wind turbine rotor speed is fixed and 
determined by the frequency of the supply grid, the gear ratio and the generator 
design. They are designed to achieve maximum efficiency at one particular wind 
speed.  

The fixed-speed wind turbine has advantage of being simple, robust and 
reliable. In addition, cost of its electrical parts is low. Its disadvantages are an 
uncontrolled reactive power consumption, mechanical stress and limited power 
quality control.  

Owing to its fixed-speed operation, all fluctuations in the wind speed are 
transmitted as fluctuations in the mechanical torque and then as fluctuations in the 
electrical power to the grid. So in the case of weak grid, the power fluctuations can 
also lead to large voltage fluctuations. 

 
3.2.2 Variable-Speed Wind Turbines 

In the modern wind turbine application, the variable-speed wind turbines have 
become dominant type among the installed wind turbines. 

Variable-speed wind turbines are designed to achieve maximum aerodynamic 
efficiency over a wide range of wind speeds. With a variable-speed operation it has 
become possible continuously to adapt accelerating or decelerating the rotational 
speed ߱௥௠ of the wind turbine to the wind speed v. In this way, the tip speed ratio ߣ is 
kept constant at a predefined value corresponding to the maximum power coefficient. 
Contrary to a fixed-speed system, a variable-speed system keeps the generator torque 
fairly constant and the variations in the wind speed are absorbed by change in the 
generator speed.  

The electrical system of a variable-speed wind turbine is more complicated 
than that of fixed-speed wind turbine. It is typically equipped with an induction or 
synchronous generator and connected to the grid through a power converter.  The 
power converter controls the generator speed, that is the power fluctuations caused by 
wind variations are absorbed mainly by changes in the rotor generator speed and 
consequently in the wind turbine rotor speed.  
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3.3 Wind Turbine Configurations 
There are various types of wind turbine configurations and they are classified 

both by their ability to control speed and by the type of power control.  
Applying speed control criterion, there are four different dominating types of 

wind turbines. The sub-category classifications of wind turbines correspond to power 
(blade) control: stall, pitch, active control. Table 3.2 indicates different types of wind 
turbine configurations.  
 
Table 3. 2 Wind turbine types 

Control Power Control 
Stall Pitch Active Stall 

Fixed Speed Type A Type A0 Type A1 Type A2 

Variable Speed 
Type B Type B0 Type B1 Type B2 
Type C Type C0 Type C1 Type C2 
Type D Type D0 Type D1 Type D2 

 
Note: The gray zones are not used in the wind turbine today. 
 
3.3.1 Type A: Fixed Speed 
 

 
Figure 3.2 Wind turbine type A [10] 

 
This configuration denotes the fixed-speed wind turbine with an asynchronous 

squirrel cage induction generator (SCIG) directly connected to the grid. Since the 
SCIG always draws reactive power from the grid, this configuration uses a capacitor 
bank for reactive power compensation. A smoother grid connection is achieved by 
using a soft-starter. 

Regardless of the power control principle in a fixed-speed wind turbine, the 
wind fluctuations are converted into mechanical fluctuations and consequently into 
electrical power fluctuations. In the case of a weak grid, these can yield voltage 
fluctuations at the point of connection. Because of these voltage fluctuations, the 
fixed-speed wind turbine draws varying amounts of reactive power from the utility 
grid (unless there is a capacitor bank), which increases both the voltage fluctuations 
and the line losses. Thus the main drawbacks of this concept are that it does not 
support any speed control. 
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3.3.2 Type B: Limited Variable Speed 
 

 
Figure 3.3 Wind turbine type B [10] 

 
It uses a wound rotor induction generator (WRIG). Unlike wind turbine type 

A, The unique feature of this concept is that it has a variable additional rotor 
resistance, which can be changed by an optically controlled converter mounted on the 
rotor shaft. Thus, the total rotor resistance is controllable. The rotor resistance can be 
changed and thus controls the slip. This way, the power output in the system is 
controlled. The range of the dynamic speed control depends on the size of the variable 
rotor resistance. Typically, the speed range is 0–10%above synchronous speed. The 
energy coming from the external power conversion unit is dumped as heat loss. 
 
3.3.3 Type C: Variable Speed With Partial Scale Frequency Converter 
 
 
 

 
Figure 3.4 Wind turbine type C [10] 

 
This configuration, known as the doubly fed induction generator (DFIG) 

concept, corresponds to the limited variable speed wind turbine with a wound rotor 
induction generator (WRIG) and partial scale frequency converter on the rotor circuit. 
The partial scale frequency converter performs the reactive power compensation and 
the smoother grid connection. It has a wider range of dynamic speed control 
depending on the size of the frequency converter. Typically, the speed range 
comprises synchronous speed -40% to +30 %. The smaller frequency converter makes 
this concept attractive from an economical point of view. 
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3.3.4 Type D: Variable Speed With Full-Scale Frequency Converter 

 
Figure 3.5 Wind turbine type D [10] 

 
This configuration corresponds to the full variable speed wind turbine, with 

the generator connected to the grid through a full-scale frequency converter. The 
frequency converter performs the reactive power compensation and the smoother grid 
connection. The generator can be excited electrically wound rotor synchronous 
generator (WRSG) or (WRIG) or by a permanent magnet [permanent magnet 
synchronous generator (PMSG)]. 

 
3.4 Voltage Control Capability of Wind Turbine 
3.4.1 Current Wind Turbine Types 

The most majority of wind turbines that are currently being installed use one 
of the three main types of electromechanical conversion system. 

The first type is known as Type A. In this type an (asynchronous) squirrel 
cage induction generator is used to convert the mechanical energy into electricity. 
Owing to the different operating speeds of the wind turbine rotor and the generator, a 
gearbox is necessary to match these speeds. The generator slip slightly varies with the 
amount of generated power and is therefore not entirely constant. However, because 
these speed variations are in the order of 1 %, this wind turbine type is normally 
referred to as constant-speed or fixed-speed. 

The second type uses a doubly fed induction generator instead of a squirrel 
cage induction generator, and was introduced as Type C. Similar to the previous type, 
it needs a gearbox. The stator winding of the generator is coupled to the grid, and the 
rotor winding to a power electronic converter, usually a back-to-back voltage source 
converter with current control loops. In this way, the electrical and mechanical rotor 
frequencies are decoupled, because the power electronic converter compensates the 
difference between mechanical and electrical frequency by injecting a rotor current 
with variable frequency. Variable-speed operation thus becomes possible. This means 
that the mechanical rotor speed can be controlled according to a certain goal function, 
such as energy yield maximization. The rotor speed is controlled by changing the 
generator power in such a way that it equals the value derived from the goal function. 
In this type of conversion system, the control of aerodynamic power is usually 
performed by pitch control.  

The third type is called the ‘direct-drive wind turbine’ because it does not need 
a gearbox. It corresponds to Type D. A low-speed multipole synchronous ring 
generator with the same rotational speed as the wind turbine rotor converts the 
mechanical energy into electricity. The generator can have a wound rotor or a rotor 
with permanent magnets. The stator is not coupled directly to the grid but to a power 
electronic converter. This may consist of a back-to-back voltage source converter or a 
diode rectifier with a single voltage source converter. The electronic converter makes 
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it possible to operate the wind turbine at variable speed. Similar to Type C, pitch 
control limits the mechanical power input. Figure 3.6 presents the three main wind 
turbine types. 

 

 
 

Figure 3.6 Widely used wind turbine types: (a) constant-speed wind turbine (Type A); (b) 
variable-speed wind turbine with doubly fed induction generator (Type C); and (c) direct-
drive variable-speed wind turbine with multipole synchronous generator (Type D) [10] 

 
3.4.2 Wind Turbine Voltage Control Capabilities 

Node voltages are dependent on branch characteristics and on branch currents. 
In transmission networks and distribution grids, node voltage and reactive power are 
correlated and therefore node voltages can be controlled by changing the reactive 
power generation or consumption of generators. An analysis of the voltage control 
capabilities of the wind turbine types described in Section 3.4.1 has thus to show what 
extent they can vary their reactive power output. In the following, we will discuss the 
voltage control capabilities of each of the wind turbine types described above.  

Constant-speed wind turbines (Type A) have squirrel cage induction 
generators that always consume reactive power. The amount of the reactive power 
consumption depends on the terminal voltage, active power generation and rotor 
speed. Figure 3.7 illustrates the relation between terminal voltage, rotor speed, active 
power generation and reactive power consumption. This figure shows that a squirrel 
cage induction generator cannot be used for voltage control, because it can only 
consume and not generate reactive power and because the reactive power exchange 
with the grid cannot be controlled but is governed by rotor speed, active power 
generation and terminal voltage. 

The fact that a squirrel cage induction generator consumes reactive power can 
be a disadvantage, particularly in the case of large wind turbines or wind farms and/or 
weak grids. In such cases, the reactive power consumption may cause severe node 
voltage drops. Therefore, the reactive power consumption of the generator is in most 
cases compensated by capacitors, as depicted in Figure 3.6(a). In this way, the 
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reactive power exchange between the combination of the generator and the capacitors, 
on the one hand, and the grid, on the other, can be reduced thus improving the power 
factor of the system as a whole. 

 

 
 

Figure 3.7 Dependence of (a) active and (b) reactive power of a squirrel cage induction 
generator on the rotor speed, with the terminal voltage, ௧ܷ, as a parameter [10] 
 

A conventional capacitor is an uncontrollable source of reactive power. By 
adding compensating capacitors, the impact of the wind turbine on the node voltages 
is reduced. But this is only a qualitative improvement. The voltage control capabilities 
as such are not enhanced, because there is still a unique relation between rotor speed, 
terminal voltage and active and reactive power generation. The voltage control 
capabilities of a constant-speed wind turbine can be enhanced only with use of more 
advanced solutions instead of conventional capacitors. Such advanced solutions 
include controllable sources of reactive power, such as switched capacitors or 
capacitor banks, a static condenser (Statcon) or a static VAR compensator (SVC). 

The reactive power generation of a doubly fed induction generator (Type C 
wind turbine) can be controlled by the rotor current. In this case, there is no unique 
relation between reactive power and other quantities, such as rotor speed and active 
power generation. Instead, at a particular rotor speed and the corresponding active 
power generation a widely varying amount of reactive power can be generated or 
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consumed. Both generator torque and reactive power generation depend directly on 
the current that the power electronic converter feeds into the rotor. 

In the case of a direct-drive variable-speed wind turbine (Type D), the reactive 
power exchange with the grid is not determined by the properties of the generator but 
by the characteristics of the grid side of the power electronic converter. The generator 
is fully decoupled from the grid. Therefore, the reactive power exchange between the 
generator itself and the generator side of the converter as well as between the grid side 
of the converter and the grid are decoupled. This means that the power factor of the 
generator and the power factor of the grid side of the converter can be controlled 
independently. And the voltage control of this wind turbine type will not be discussed 
more detail because it beyond of the scope of this thesis. 

 
3.5 Induction Generator 

Most of the electrical power in the industry is consumed by the induction 
machine driving the mechanical load. For this reason, the induction machine 
represents a well established technology. The primary advantage of the induction 
machine is the rugged brushless construction and no need for separate DC field 
power. The disadvantages of both the DC machine and the synchronous machine are 
eliminated in the induction machine, resulting in low capital cost, low maintenance, 
and better transient performance. For these reasons, the induction generator is 
extensively used in small and large wind farms and small hydroelectric power plants. 
The machine is available in numerous power ratings up to several megawatts 
capacity, and even larger. 
 
3.5.1 Principle of Operation [12] 

The stator magnetic field is rotating at the synchronous speed ߱௦. This field is 
conceptually represented by the rotating magnets. The relative speed between the 
rotating field and the rotor induces the voltage in each rotor turn linking the stator 
flux ߶. The magnitude of the induced voltage is given by Faraday’s law of 
electromagnetic induction, namely: 
 

݁ ൌ െ ௗథ
ௗ௧

     (3. 11) 
 
This voltage in turn sets up the circulating current in the rotor. The electromagnetic 
interaction of the rotor current and the stator flux produces the torque. The amplitude 
of this torque is given by the following: 
 

ܶ ൌ ݇Φܫଶܿ(12 .3)    ߠݏ݋ 
 

Where ݇  = constant of proportionality 
 Φ = amplitude of the stator flux wave  
 ଶ = amplitude of induced current in the rotor barsܫ 
 .phase angle by which the rotor current lags the rotor voltage = ߠ 

 
The rotor will accelerate under this torque. If the rotor was on frictionless 

bearings with no mechanical load attached, it is completely free to rotate with zero 
resistance. Under this condition, the rotor will attain the same speed as the stator field, 
namely, the synchronous speed ߱௦. At this speed, the current induced in the rotor is 
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zero, no torque is produced. The rotor finds equilibrium at this speed and will 
continue to run at the synchronous speed. 

If the rotor is now attached to a mechanical load such as a fan, it will slow 
down with the speed ߱௥. The stator flux, which always rotates at the constant, 
synchronous speed, will have relative speed with respect to the rotor. As a result, the 
electromagnetically induced voltage, current, and torque are produced in the rotor. 
The torque produced must equal that needed to drive the load at that speed. The 
machine works as the motor in this condition.  

If we attach the rotor to a wind turbine and drive it with the speed ߱௥ faster 
than the synchronous speed, the induced current and the torque in the rotor reverse the 
direction. The machine now works as the generator, converting the mechanical power 
of the turbine into electrical power delivered to the load connected to the stator 
terminals. If the machine was connected to a grid, it would feed power into the grid. 
Thus, the induction machine can work as the electrical generator only at speeds higher 
than the synchronous speed. The generator operation, for that reason, is often called 
the super-synchronous speed operation of the induction machine.  

As described above, the induction machine needs no electrical connection 
between the stator and the rotor. Its operation is entirely based on the electromagnetic 
induction, hence, the name. The absence of rubbing electrical contacts and simplicity 
of its construction make the induction generator very robust, reliable, and a low-cost 
machine. For this reason, it is widely used in numerous applications in the industry. 

The working principle of the induction machine can be seen as the 
transformer. The high voltage coil on the stator is excited and the low voltage coil on 
the rotor is shorted on itself. The power from one to the other can flow in either 
direction. The theory of operation of the transformer, therefore, holds true when 
modified to account for the relative motion between the stator and the rotor. This 
motion is expressed in terms of the slip of the rotor relative to the synchronously 
rotating magnetic field.  
 
3.5.2 Induction Machine Equivalent [13] 

The equivalent of the induction machine is very similar to that for a 
transformer. Although the rotor currents are at slip frequency, the rotor is incorporated 
into the circuit in simple way. Recognizing the fact that the stator and the rotor 
winding have resistances and leakage inductances and that the mutual inductance for 
modeling the mutual flux links the stator and rotor windings, Figure 3.8 give s the 
elementary equivalent circuit. The parameters are 
 
ܴ௦ : Stator resistance per phase 
 ௟௦ : Stator leakage inductanceܮ
 ௠ : Mutual inductanceܮ

ଵܶ : Stator turns per phase 
 ଵ : Induced emf in the stator per phaseܧ
݇௪ଵ : Effective stator turns per phase



19 

ܴ௥௥ : Rotor resistance per phase 
 ௟௥௥ : Rotator leakage inductanceܮ
 

ଶܶ : Rotator turns per phase  
 ଶ : Induced emf in the rotor per phaseܧ
݇௪ଶ : Effective rotor turns per phase  
 

 
Figure 3.8 Elementary equivalent circuit for induction machine [13] 

 
The relationship between the induced emfs is 
 

ாమ
ாభ

ൌ ݏ ௞ೢమ మ்
௞ೢభ భ்

ൌ ௦
௔

    (3. 13) 

Where a : turns ratio 
 
The rotor current ܫ௥௥, then is 
 

௥௥ܫ ൌ ாమ
ோೝೝା௝ఠೞ೗௅೗ೝೝ

ൌ ாమ
ோೝೝା௝௦ఠೞ௅೗ೝೝ

     (3. 14) 
 
Substituting for ܧଶ from equation (3.13) in to (3.14) the rotor current is   

 
௥௥ܫ ൌ ாభ

ೌೃೝೝ
ೞ ା௝ఠೞሺ௔௅೗ೝೝሻ

ൌ ாభ/௔
ೃೝೝ

ೞ ା௝ఠೞ௅೗ೝೝ
     (3. 15) 

 
Equation (3.15) is incorporated into the equivalent circuit as shown in Figure 3.9. 
Note that both rotor and stator uniformly have the same frequency, which is that of 
the stator in equation (3.15). The rotor current reflected into the stator is denoted as ܫ௥ 
and is given in terms of the rotor current ܫ௥௥ as 
 

௥ܫ ൌ ூೝೝ
௔

      (3. 16) 
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݆߱௦ܮ௠  

Figure 3.9  Equivalent circuit for an induction machine [13] 
 

Note that the slip does not enter in this; the ratio between the stator and rotor induced emfs 
viewed at stator frequency does not contain it, and rotor impedance absorbs this slip. 
Substitution of equation (3.16) into equation (3.15) yields 
 

௥ܫ ൌ ாభ
൫ೌమೃೝೝ൯

ೞ ା௝ఠೞሺ௔మ௅೗ೝೝሻ
ൌ ாభ

ೃೝ
ೞ ା௝ఠೞ௅೗ೝ

     (3. 17) 

 
Where ܴ௥ ൌ ܽଶܴ௥௥ : Stator-referred rotor resistance 
௟௥ܮ  ൌ ܽଶܮ௟௥௥ : Stator-referred rotor inductance 
 
As the fictitious rotor and stator at the air gap have the same induced emf, ܧଵ, the physical 
isolation can be removed to get a connected circuit. The final equivalent circuit, referred to 
the stator, is shown in Figure 3.10.  Magnetization is accounted for by the magnetizing branch 
of the equivalent circuit, consisting of the magnetizing inductance that is lossless and hence 
cannot represent core losses. An equivalent resistance can represent the core losses. This core-
loss resistance is in parallel the magnetizing inductance, because the core losses are 
dependent on the flux and hence proportional to the flux linkages and the resulting air gap 
voltage ܧଵ.The self-inductances of the stator phase winding, ܮ௦, and of the rotor phase 
winding referred to the stator, ܮ௥, are obtained as the sum of the magnetizing inductance and 
respeclive leakage inductances:  
 

௦ܮ ൌ ௠ܮ ൅  ௟௦     (3. 18)ܮ
 

௥ܮ ൌ ௠ܮ ൅  ௟௥     (3. 19)ܮ
 

The corresponding reactances are obtained by multiplying the inductances by the stator 
angular frequency. 
 

Figure 3.10 Equivalent circuit with rotor at stator frequency [13] 
 

݆߱௦ܮ௟௥௥  ݆߱௦ܮ௟௦ 
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When the machine is energized with no load on the rotor, then the rotor circuit is open-
circuited, because the slip is zero. The stator current drawn during this condition known as the 
no-load current, contributes to the magnetization of the machine and resulting core losses. 
Then this no-load current is viewed as the sum of the magnetizing and core-loss components 
of the current and accordingly is written as 
 

௢ܫ ൌ ௠ܫ ൅  ௖      (3. 20)ܫ
 

The magnetizing current in terms of the air gap voltage and the magnetizing reactance is 
written as 
 

௠ܫ ൌ ாభ
௝௑೘

     (3. 21) 
 

And the core-loss component of the stator current is written as  
 

௖ܫ ൌ ாభ
ோ಴

      (3. 22) 
 

The rotor phase current is given by 
 

௥ܫ ൌ ாభ
ೃೝ
ೞ ା௝௑೗ೝ

     (3. 23) 

 
The stator phase current is given by 
 

௔௦ܫ ൌ ௥ܫ ൅  ௢     (3. 24)ܫ
 

In terms of the induced emf, stator current, and stator parameters, the applied stator 
phase voltage is expressed as 
 

௔ܸ௦ ൌ ଵܧ ൅ ሺܴ௦ ൅ ݆ ௟ܺ௦ሻܫ௔௦   (3. 25) 
 

3.5.3 Steady State Performance Equations of an Induction Machine 
The key variables in the machine are the air gap power, mechanical and shaft 

output power, and electromagnetic torque. These are derived from the equivalent 
circuit of the induction machine as follows. The real power transmitted from the 
stator, ௜ܲ to the air gap, ௔ܲ is the difference between total input power to the stator 
windings and copper losses in the stator and is given as 
 

௔ܲ ൌ ௜ܲ െ ௦ܫ3
ଶܴ௦      (3. 26) 

 
Neglecting the core losses, the air gap power is equal to the total power dissipated in 
ܴ௥/ݏ in the three phases of the machine, there is no other element to consume power 
in the rotor equivalent circuit. It is given as 
 

௔ܲ ൌ ௥ܫ3
ଶ ோೝ

௦
     (3. 27) 

 
Which could be written alternatively as 
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௔ܲ ൌ ௥ܫ3
ଶܴ௥ᇣᇤᇥ

௦.௉ೌᇣᇤᇥ
௥௢௧௢௥ ௖௢௣௢௥

 ௟௢௦௦௘௦ ௣௢௪௘௥

൅ ௥ܫ3
ଶܴ௥

ሺଵି௦ሻ
௦ᇣᇧᇧᇤᇧᇧᇥ

ሺଵି௦ሻ.௉ೌᇣᇧᇧᇤᇧᇧᇥ
௣௢௪௘௥ ௖௢௡௩௘௥௧௘ௗ

௧௢ ௠௘௖௛௔௡௜௖௔௟ ௙௢௥௠

   (3. 28) 

 
The mechanical power, ௠ܲ is obtained as 
 

 ௠ܲ ൌ ௥ܫ3
ଶܴ௥

ሺଵି௦ሻ
௦

ൌ ሺ1 െ .ሻݏ ௔ܲ   (3. 29) 
 

Alternately, in terms of the electromagnetic torque and rotor speed, the mechanical 
power output is equal to their product: 
 

௠ܲ ൌ ௘ܶ߱௥௠     (3. 30) 
 
Where ௘ܶ is the internal or electromagnetic torque, derived from equations (3.29) and 
(3.30) as 
 

௘ܶ ൌ ଷூೝ
మோೝሺଵି௦ሻ

௦ఠೝ
     (3. 31) 

 
Substituting for the rotor speed in terms of the slip and stator frequency, given by 
 

߱௥௠ ൌ ఠೝ
௉/ଶ

ൌ ఠೞሺଵି௦ሻ
௉/ଶ

    (3. 32) 
 
into (3.29), the electromagnetic or air gap torque is obtained as 

 

௘ܶ ൌ 3 ቀ௉
ଶ

ቁ ூೝ
మோೝ

௦ఠೞ
     (3. 33) 

 
Without taking into account of the windage and friction losses of the rotor, the shaft 
power of the machine is equal to the mechanical of the machine and defined as 
 

௦ܲ௛௔௙௧ ൌ ௠ܲ     (3. 34) 
 

3.5.4 Steady State Performance 
A set or sample torque-vs.-slip characteristic for constant input voltage is 

shown in Figures 3.11 and Figures 3.12. 
The torque-vs.-slip characteristics are shown for slip varying from 0 to 1. The 

slip is chosen in place of rotor speed because it is nondimensional and so is applicable 
to any motor frequency. Near the synchronous speed, i.e., at low slips, the torque is 
linear and is proportional to slip; beyond the maximum torque (also known as 
breakdown torque), the torque is approximately inversely proportional to slip, as is 
seen from the Figure 3.11. At standstill, the slip equals unity, and, at this operating 
point, the torque produced is known as standstill torque. To accelerate a load, this 
standstill torque has to be greater than the load torque. It is preferable to operate near 
low slips to have higher efficiency. This is due to the fact that the rotor copper losses 
are directly proportional to slip and are equal to the slip power, and, hence, at low 
slips, the rotor copper losses are small. 
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The positive-slope region of the torque-slip characteristics provides stable 
operation. Consider the machine operating at 1 p.u. with a low slip, and let the load 
torque be increased to 1.5 p.u. The rotor slows down and thereby develops a larger 
slip, which increases the electromagnetic torque capable of meeting the load torque. 
The new steady state is reached at 1.5 p.u. torque after a transient period with 
oscillations in torque. If the operating point at 1 p.u. torque at a slip of 0.85 is 
considered. the load torque disturbance will lead to increasing slip, resulting in less 
and less torque generation, thereby diverging more and more from the new load 
torque leading to a final pullout of the machine and reaching standstill. As this 
discussion is addressed to the steady-stale characteristics of the machine, the two 
regions are named statically stable and unstable, as indicated in Figure 3.11. 

 

 
Figure 3.11 Induction machine speed-torque characteristic [13] 
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Figure 3.12 Generation and braking characteristics of the induction machine [13] 

 
Figure 3.12 shows the torque vs. slip for a wide range of slip, from -2 to 2, 

with the stator supplied with rated voltages and frequency. Consider the motor as 
spinning in the direction opposite to that of a phase sequence abc. Assume that a set 
of stator voltages with a phase sequence abc is applied at supply frequency. This 
creates a stator flux linkage counter to the direction of rotor speed, resulting in a 
braking action. This also creates a slip greater than one: the rotor speed is negative 
with respect to synchronous speed. This braking action brings rotor speed to standstill 
in time.  

Consider the rotor electrical speed to be greater than the synchronous speed, 
resulting in a negative slip. A negative slip changes the generation of positive 
(motoring) to negative (generating) torque as the induced emf phase is reversed. 
Hence, for negative slip, the torque-vs.-slip characteristic is similar to the motoring 
characteristic discussed earlier, except that the breakdown torque is much higher with 
negative-slip operation, This is due to the fact that the mutual flux linkages are 
strengthened by the generator action of the induction machine. The reversal of rotor 
current reduces the motor impedance voltage drop, resulting in a boost of magnetizing 
current and hence in an increase of mutual flux linkages and torque. 
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CHAPTER IV 
 

SYSTEM MODELED 
 

4.1  Microgrid System Model 
Fig.4. 1 shows a single line diagram of a 13.8 kV microgrid system connected 

to a 120 kV utility main grid, represented by an infinite-bus equivalent, through a 
radial distribution line to be used as a test system here. The system includes a wind-
turbine unit with a variable speed doubly-fed induction generator, a synchronous 
generator equipped with governor action, and combination of fixed-impedance and 
constant-power load models connected to the microgrid at three different load points. 

 

 
 

Figure 4.1 Single line diagram of the studied microgrid system 
 
 



26 

4.2 Wind Power System Model 
 

 
Figure 4.2 Wind power system 

 
Figure 4.2 represents the block diagram of the wind power system model that 

includes wind speed, wind turbine, induction generator (IG) whose stator winding 
directly connected to the main grid, converter block integrated at rotor-side of IG and 
controller block that encompasses both electrical and mechanical using pitch 
controller. 
 
4.2.1 Wind Speed Model 

Wind turbine installation should be done within the suitable windy site. The 
data on wind speeds and directions are needed in order to obtain a proper match 
between the characteristics of the wind turbine and those of the site. Since the wind 
speed and direction are varied continuously, estimation of power generation required 
some statistic. In the case the total data of wind speeds against time is not available, 
but the average wind speed may be known. In this case the wind speeds distribution 
can be obtained approximately from the magnitude of average wind speed, by using a 
standard statistical distribution function. The more general distribution function used 
to obtain an approximation for wind speed distribution of the site knowing its average 
wind speed is Weibull distribution, given by  

 

݂ሺݒሻ ൌ ቀ௞
௖
ቁ ቀ௏ೢ೔೙೏

௖
ቁ

௞ିଵ
݌ݔ݁ ൤െ ቀ௏ೢ೔೙೏

௖
ቁ

௞
൨   (4. 1) 

 
Where  c is a scale factor taken equal to mean wind speed,  

k is a shape factor, ranging between 1.8 and 2.3.  
 
Fig.4.3 is a simulation of wind speed with average wind speed c=6m/s and shape 
factor k=1.8. And Figure 4.4 shows the Weilbull distribution of the wind at each wind 
speed. 
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Figure 4.3 Wind speed simulation 

 

 
Figure 4.4 Weibull distribution at each wind speed 

  
4.2.2 Rotor Model 

The model is base on the steady-state power characteristics of the turbine. The 
stiffness of drive train is infinite and fraction factor and the inertia of the turbine must 
be combined with those of generator couple to turbine. The mechanical power is 
given by following equation. 

 
௠ܲ௘௖௛ ൌ ,ߣ௉ሺܥ ሻߚ ఘ஺

ଶ ௪ܸ௜௡ௗ
ଷ     (4. 2) 

 
Equation (4.2) can be normalized so in the p.u. system we have  

 
௠ܲ௘௖௛ି௣௨ ൌ ݇௣ܥ௉ି௣௨ሺߣ, ሻߚ ௪ܸ௜௡ௗି௣௨

ଷ    (4. 3) 
 

The numerical approximated curves of ܥ௣ሺߣ,  ሻ based on equations (3.9) andߚ
(3.10), for different values of the pitch angle, are illustrated in Figure 4.5. The 
mechanical power ௠ܲ as a function of generator speed, for different wind speeds and 
for blade pitch angle ߚ ൌ 0o is depicted in Figure 4.6. Here, the base wind speed is 
equal to 6m/s, maximum power at base wind speed equal 0.73 p.u. ൫݇௣ ൌ 0.73൯, and 
base rotational speed equal 1.2 p.u., respectively. 
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Figure 4.5 Performance coefficient of wind turbine 

 

 
 

Figure 4.6 Turbine characteristic 
 

The simulink block diagram of the turbine is illustrated in Figure 4.7. The three inputs 
needed are  

• Generator speed ߱௥ in p.u. of the nominal speed of generator 
• Pitch angle ߚ in degree and 
• Wind speed in m/s 

The tip speed ratio ߣ in p.u. of ߣ௡௢௠ is obtained by division of rational speed in p.u. of 
the base rotational speed and the wind speed in p.u. of base wind speed. The output is  

• Mechanical torque ௠ܶ applied to the generator shaft in p.u. nominal 
generator torque. 

The table 4.1 is the nominal values to be used for the rotor model 
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Figure 4.7 Block diagram of rotor model 

 
Table 4. 1 Nominal values of wind turbine rotor 

Name  Value 
Base mechanical power [Mw] 2 
Base electrical power [MVA] 2.22 
Base wind speed (wind_base) [m/s] 6 
Base rotational speed or rotational speed at maximum power for the base wind 
speed (speed_nom) [p.u.] 1.2 

Nominal tip speed ratio ߣ௡௢௠ 8.1 
Nominal power coefficient ݌ܥ௡௢௠ 4.8 

 
 

4.2.3 Doubly-Fed Induction Generator Model 
The dynamic voltage equations of a three-phase symmetrical doubly fed 

induction generator in terms of equivalent dq-base system, with respect to the 
synchronously rotating reference frame, are given as follows: 

 
ௗ௦ݒ

௘ ൌ ܴ௦݅ௗ௦
௘ ൅ ௗఒ೏ೞ

೐

ௗ௧
െ ߱௦ߣ௤௦

௘     (4. 4) 
 

௤௦ݒ
௘ ൌ ܴ௦݅௤௦

௘ ൅ ௗఒ೜ೞ
೐

ௗ௧
൅ ߱௦ߣௗ௦

௘     (4. 5) 
 

ௗ௥ݒ
௘ ൌ ܴ௥݅ௗ௥

௘ ൅ ௗఒ೏ೝ
೐

ௗ௧
െ ሺ߱௦ െ ߱௥ሻߣ௤௥

௘    (4. 6) 
 

௤௥ݒ
௘ ൌ ܴ௥݅௤௥

௘ ൅ ௗఒ೜ೝ
೐

ௗ௧
൅ ሺ߱௦ െ ߱௥ሻߣௗ௥

௘    (4. 7) 
 

The flux linkages above can be calculated by using the following equations: 
 

ௗ௦ߣ
௘ ൌ ௦݅ௗ௦ܮ

௘ ൅ ௠݅ௗ௥ܮ
௘      (4. 8) 

 
௤௦ߣ

௘ ൌ ௦݅௤௦ܮ
௘ ൅ ௠݅௤௥ܮ

௘      (4. 9) 
 

ௗ௥ߣ 
௘ ൌ ௥݅ௗ௥ܮ

௘ ൅ ௠݅ௗ௦ܮ
௘      (4. 10) 

 
௤௥ߣ 

௘ ൌ ௥݅௤௥ܮ
௘ ൅ ௠݅௤௦ܮ

௘      (4. 11) 
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The electromagnetic torque is defined as: 
 

௘ܶ ൌ ଷ
ଶ

௣
ଶ

൫ߣௗ௦
௘ ݅௤௦

௘ െ ௤௦ߣ
௘ ݅ௗ௦

௘ ൯    (4. 12) 
 

The active power is given by: 
 

௦ܲ ൌ ଷ
ଶ

൫ݒௗ௦
௘ ݅ௗ௦

௘ ൅ ௤௦ݒ
௘ ݅௤௦

௘ ൯     (4. 13) 
 

The reactive power is defined as: 
 

ܳ௦ ൌ ଷ
ଶ

൫ݒ௤௦
௘ ݅ௗ௦

௘ െ ௗ௦ݒ
௘ ݅௤௦

௘ ൯     (4. 14) 
 

The mechanical system of the DFIG is given by: 
 

ܬ ௗఠೝ೘
ௗ௧

ൌ ௘ܶ െ ௠ܶ     (4. 15) 
 

• Per-Unit System 
 

A per-unit quantity തܳ is defined as the ratio of an actual quantity ܳ஺ to an 
appropriately chosen base value ܳ஻ so that 
 

തܳ ൌ ܳ஺/ܳ஻       (4. 16) 
 

If ܳ஺ and ܳ஻ are the same order of magnitude, തܳ takes on a value close to unity. So 
while ܳ஺ and ܳ஻ vary widely in absolute values depending on the size or rating of the 
device to which they relate and have dimensions such as Volt, Ampere, Ohm, Weber, 
Newton-meter, ܳ ഥ is a dimensionless relative quantity that lies in a narrow numerical 
range. In the context of electric machines, the following advantages to the use of per-
unit (p.u.) parameters and p.u. equations can be cited: 

1. Per-unit parameters do not vary appreciably over a wide range of machine 
ratings, thereby providing a better characterization and comparison of 
differing designs. 

2. A p.u. system simplifies the analysis of machine systems because it eliminates 
the consideration of such cumbersome factors as numbers of poles and phases, 
winding turns ratios; in effect, it allows to view the machine on the basis of an 
equivalent two-phase, two-pole configuration with coupled windings having 
1:1 turns ratios. 

3. When dealing with an interconnected system of machines of different ratings, 
a common overall system normalization provides an effective way to account 
for the interconnections. 

 
• Machine rating 
 

The rating of an electric machine invariably serves as the basis for determining 
the normalizing factors required to define the p.u. system. Typically, the rating (as it 
normally appears on the nameplate) provides most of the following information: 

• f of poles = ݌ 
• number of phases = ݉ (usually 3) 
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• speed = ݊஻ ሺ݉݌ݎሻ 
• rated voltage = ௥ܸ (usually on a line-to-line rms basis) (V)  
• power factor = ݌ ஻݂ 
• efficiency = ߟ஻ 
• electrical power output ௘ܲ (Watts) for a generator; ஻ܲ  ൌ  ௘ܲ/ ݌ ஻݂ ሺܸܣሻ 
• mechanical power output ௠ܲ ሺ݄݌ሻ for a motor; ܲ ஻ ൌ  746 ൈ  ௠ܲ ሺܹሻ 

 
• Base Values 

 
• Base frequency ߱஻ ൌ ߨ2 ஻݂ሾݏ/݀ܽݎሿ 
• Base Power = ஻ܲ 

• Base voltage = peak phase voltage = ஻ܸ ൌ ටଶ
ଷ ௥ܸ [V] 

• Base peak current = ܫ஻ ൌ ଶ௉ಳ
ଷ௏ಳ

 [A] 

• Base impedance = ܼ஻ ൌ ௏ಳ
ூಳ

   [Ω] 

• Base flux linkage = ߣ஻ ൌ ௏ಳ
ఠಳ

 

• Base inductance = ܮ஻ ൌ ఒಳ
ூಳ

ൌ ௓ಳ
ఠಳ

 

• Base synchronous speed ߱௠஻ ൌ ଶఠಳ
௣

 

• Base torque = ௉ಳ
ఠ೘ಳ

ൌ ௣௉ಳ
ଶఠಳ

 
 
Dividing (4.4)-(4.7) by the base values ஻ܸ ൌ ܼ஻ܫ஻ ൌ ߱஻ߣ஻ we get the p.u. equations  
 

ҧௗ௦ݒ
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௘    (4. 20) 
 

Dividing (4.8)-(4.11) by base values ߣ஻ ൌ  ஻ yieldܫ஻ܮ
 

ҧௗ௦ߣ
௘ ൌ ത௦ଓҧௗ௦ܮ

௘ ൅ ത௠ଓҧௗ௥ܮ
௘      (4. 21) 
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Dividing (4.12) by ஻ܶ ൌ ௉ಳ
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௘ ଓҧௗ௦

௘ ൯    (4. 25) 
 

Dividing (4.13) and (4.14) by ஻ܲ ൌ ଷ
ଶ ஻ܸܫ஻ we get  

 
തܲ௦ ൌ ൫ݒҧௗ௦

௘ ଓҧௗ௦
௘ ൅ ҧ௤௦ݒ

௘ ଓҧ௤௦
௘ ൯     (4. 26) 

 
The reactive power is defined as: 
 

തܳ௦ ൌ ൫ݒҧ௤௦
௘ ଓҧௗ௦
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And divide (4.15) by ஻ܶ ൌ ௉ಳ
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With   ܪ ൌ ଵ
ଶ

௃
௉ಳ

߱௠஻
ଶ    [s] 

 
4.2.4 Converter Model 

Converters are model with dual PWM voltage-fed, current-regulated 
converter, connected back to back as switching power electronic devices in the 
purpose of providing the required voltage outputs for the generated or absorbed power 
at rotor-side of doubly-fed induction generator [14].  

In order to understand the concept of inverter PWM, first the discussion of 
PWM with full-bride dc-dc converter is highlighted and the inverter circuits will be 
clarified thereafter. In PWM of full-bride dc-dc converter, there exists the control 
signal ݒ௖௢௡௧௥௢௟ (constant or slowly varying in time) was compared with a repetitive 
switching-frequency triangular wave form in order to generate switching signals. And 
the controlling the switch duty ratios allowed the average dc voltage output to be 
controlled.  

In the full-bride converter shown in Figure 4.7, the input is fixed-magnitude dc 
voltage ௗܸ. The output of the converter is a dc voltage ଴ܸ, which can be controlled in 
magnitude as well as polarity. In the bipolar voltage switching type, switches 
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Since the stator is connected to the grid and the influence of stator resistant is small, 
the stator flux can be considered to be constant, decided by the magnitude and 
frequency of the grid voltage [14]. Thus, for stator field orientation and ܴ௦ ൎ 0, 
 

ௗ௦ߣ
௘ ൌ  ௦      (4. 45)ߣ

 
Which is a constant. This makes (4.41) and (4.42) become: 
 

ௗ௦ݒ
௘ ൌ 0      (4. 46) 

 
௤௦ݒ

௘ ൌ ߱௘ߣ௦      (4. 47) 
 

From equation (4.26) and (4.45), the active power at the terminal of stator winding 
becomes: 
 

௦ܲ ൌ ߱௘ߣ௦݅௤௦
௘        (4. 48) 

 
 
Using equation (4.44), 
 

௦ܲ ൌ െ ௅೘
௅ೞ

߱௘ߣ௦݅௤௥
௘       (4. 49) 

 
Using equation (4.27) in (4.47), the reactive power at the stator terminals becomes: 

 
ܳ௦ ൌ ߱௘ߣ௦݅ௗ௦

௘        (4. 50) 
 

Which using equation (4.43), becomes 
 

ܳ௦ ൌ ఠ೐ఒೞ
௅ೞ

ሺߣ௦ െ ௠݅ௗ௥ܮ
௘ ሻ     (4. 51) 

 
Using (4.43) and (4.44), equation (4.23) and (4.24) become 

 
ௗ௥ߣ

௘ ൌ ௅೘
௅ೞ

ௗ௦ߣ
௘ ௥݅ௗ௥ܮߪ

௘      (4. 52) 
 

௤௥ߣ 
௘ ൌ ௥݅௤௥ܮߪ

௘       (4. 53) 
 

With  
ߪ ൌ ቀ1 െ ௅೘

మ

௅ೝ௅ೞ
ቁ     (4. 54) 

 
Substituting (4.52) and (4.53) in (4.19) and (4.20) we get voltage of the rotor related 
to currents as following: 

 
ௗ௥ݒ

௘ ൌ ܴ௥݅ௗ௥
௘ ൅ ௥ܮߪ

ௗ௜೏ೝ
೐

ௗ௧
െ ሺ߱௘ െ ߱௥ሻܮ௥݅௤௥

௘ െ ሺ߱௘ െ ߱௥ሻܮ௠݅௤௦
௘   (4. 55) 

 
௤௥ݒ

௘ ൌ ܴ௥݅௤௥
௘ ൅ ௥ܮߪ

ௗ௜೜ೝ
೐

ௗ௧
൅ ሺ߱௘ െ ߱௥ሻܮ௥݅ௗ௥

௘ ൅ ሺ߱௘ െ ߱௥ሻܮ௠݅ௗ௦
௘   (4. 56) 
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4.2.5.1 Power Control 
From equation (4.49), we see that the stator active power is proportional to the 

rotor current component ݅௤௥
௘  and can be regulated by using ݒ௤௥

௘ . 
The power is controlled in order to follow a pre-defined power-speed 

characteristic, named tracking characteristic. Such a characteristic is illustrated in the 
Figure 4.13 called turbine characteristics and tracking characteristic, by the ABCD 
curve superimposed to the mechanical power characteristics of the turbine obtained at 
different wind speeds. The actual speed of the turbine ߱௥ is measured and the 
corresponding mechanical power of the tracking characteristic is used as the reference 
power for the power control loop. The tracking characteristic is defined by four 
points: A, B, C and D. From zero speed to speed of point A the reference power is 
zero. Between point A and point B the tracking characteristic is a straight line, the 
speed of point B must be greater than the speed of point A. Between point B and point 
C the tracking characteristic is the locus of the maximum power of the turbine 
(maxima of the turbine power vs turbine speed curves). The tracking characteristic is 
a straight line from point C and point D. The power at point D is one per unit (1 p.u.) 
and the speed of the point D must be greater than the speed of point C. Beyond point 
D, the reference power is a constant equal to one per unit (1 p.u.). 

 

 
Figure 4.13 Turbine characteristic and optimal power tracking curves 

 
The actual electrical output power, measured at the grid terminals of the wind 

turbine, is added to the total power losses (mechanical and electrical) and is compared 
with the reference power obtained from the tracking characteristic. A Proportional-
Integral ሺܲܫሻ regulator is used to reduce the power error to zero. The output of this 
regulator is the reference rotor current ܫ௤௥

כ  that must be injected in the rotor by 
converter ݎ݋ݐ݋ݎܥ. This is the current component that produces the electromagnetic 
torque ௘ܶ. The actual Iqr component of positive-sequence current is compared to ܫ௤௥

כ  
and the error is reduced to zero by a current regulatorሺܲܫሻ. The output of this current 
controller is the voltage ௤ܸ௥

כ   generated by rotor-side converter.  
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4.2.5.2 Var Regulator 
When the wind turbine is operated in var regulation mode the reactive power 

at grid terminals is kept constant by a var regulator. From (4.51) ¸we see that the 
stator reactive power is proportional to the rotor current component ݅ௗ௥

௘  and can be 
regulated by using ݒௗ௥

௘ . 
 
4.2.5.3 Voltage Regulator 

When the wind turbine is operated in voltage regulation mode, it implements 
the following V-I characteristic. 

 

 
 

Figure 4.14 V-I characteristic 
 

As long as the reactive current stays within the maximum current values (-
Imax, Imax) imposed by the converter rating, the voltage is regulated at the reference 
voltage ௥ܸ௘௙. However, a voltage droop is normally used (usually between 1% and 4% 
at maximum reactive power output), and the V-I characteristic has the slope indicated 
in the figure called wind turbine V-I characteristic shown in Figure 4.13. In the 
voltage regulation mode, the V-I characteristic is described by the following equation: 

 
ܸ ൌ  ௥ܸ௘௙  ൅  ܺ௦.  (57 .4)    ܫ

 
Where V  Positive sequence voltage (p.u.) 

I  Reactive current (p.u./Pnom) (I > 0 indicates an inductive current) 
ܺ ௦ Slope or droop reactance  

 
The output of the voltage regulator or the var regulator is the reference d-axis current 
ௗ௥ܫ

כ  that must be injected in the rotor by converter Crotor. The same current regulator 
as for the power control is used to regulate the actual ܫௗ௥

௘  component of positive-
sequence current to its reference value. The output of this regulator is the d-axis 
voltage ௗܸ௥

כ  generated by rotor-side converter. Figure 4.15 shows the block diagram of 
the DFIG’s rotor-side PWM control. 
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Figure 4.15 Block diagram of rotor-side converter control 
 

4.2.6 Grid-Side PWM Control Model  
The objective of the grid-side converter is to keep the DC-link voltage 

constant regardless of the magnitude and direction of the rotor power. A vector-
control approach is used, with a reference frame oriented along the stator (or supply) 
voltage vector position, enabling independent control of the active and reactive power 
flowing between the supply and the grid-side converter. The PWM converter is 
current regulated, with the direct axis current ݅ௗ௚௖

௘  used to regulate the DC-link 
voltage and the quadrature axis current component ݅௤௚௖

௘  used to regulate the reactive 
power. Figure 4.16 shows the schematic of the grid-side converter. The voltage 
balance across the inductors is 
 

 
Figure 4.16 Schematic of grid-side converter 

 

൥
௔ݒ
௕ݒ
௖ݒ

൩ ൌ ܴ ൥
݅௔
݅௕
݅௖

൩ ൅ ܮ ௗ
ௗ௧

൥
݅௔
݅௕
݅௖

൩ ൅ ൥
௔௚௖ݒ
௕௚௖ݒ
௖௚௖ݒ

൩   (4. 58) 



41 

In d-q synchronously reference frame, the equation (4.58) becomes 
 

ௗ௦ݒ
௘ ൌ ܴ݅ௗ௚௖

௘ ൅ ܮ
ௗ௜೏೒೎

೐

ௗ௧
െ ߱௘݅ܮ௤௚௖

௘ ൅ ௗ௚௖ݒ
௘

௤௦ݒ
௘ ൌ ܴ݅ௗ௚௖

௘ ൅ ܮ
ௗ௜೏೒೎

೐

ௗ௧
൅ ߱௘݅ܮௗ௚௖

௘ ൅ ௤௚௖ݒ
௘

ቑ   (4. 59) 

 
The active and reactive power flow of grid-side converter is 
 

௚ܲ௖ ൌ ௗ௦ݒ
௘ ݅ௗ௚௖

௘ ൅ ௤௦ݒ
௘ ݅௤௚௖

௘

ܳ௚௖ ൌ ௤௦ݒ
௘ ݅ௗ௚௖

௘ െ ௗ௦ݒ
௘ ݅௤௚௖

௘ ቋ    (4. 60) 

 
With the d-axis of the reference frame along the stator-voltage position, ݒ௤௦

௘  is 
zero and since the amplitude of the supply voltage is constant so that ݒௗ௦

௘  is constant. 
From (4.60), the active and the reactive power will be proportional to ݅ௗ௚௖

௘  and ݅௤௚௖
௘  

respectively as in 4.61. 
 

௚ܲ௖ ൌ ௗ௦ݒ
௘ ݅ௗ௚௖

௘

ܳ௚௖ ൌ െݒௗ௦
௘ ݅௤௚௖

௘ ቋ    (4. 61) 

 
By neglecting harmonics due to switching and losses in the inductor resistance 

and converter, we obtain: 
 

௥ܲ ൌ ௗܸ௖݅௥௖

௚ܲ௖ ൌ ௗܸ௖݅௚௖ ൌ ௗ௦ݒ
௘ ݅ௗ௚௖

௘ ൠ    (4. 62) 

 
The dynamic model of DC link is provided by  
 

ܥ ௗ௏೏೎
ௗ௧

ൌ ݅௚௖ െ ݅௥௖ ൌ ଵ
௏೏೎

൫ ௚ܲ௖ െ ௥ܲ൯ ൌ ଵ
௏೏೎

൫ݒௗ௦
௘ ݅ௗ௚௖

௘ െ ௥ܲ൯  (4. 63) 
 

From equation (4.63), it is seen that the DC-link voltage can be controlled 
via ݅ௗ௚௖

௘ . The control scheme thus utilises current control loops for ݅ௗ௚௖
௘  and ݅௤௚௖

௘ , with 
the ݅ௗ௚௖

௘ demand being derived from the DC-link voltage error through a standard PI 
controller. The ݅௤௚௖

௘ , demand determines the displacement factor on the supply-side of 
the inductors. Figure 4.17 illustrates the control block of the grid-side PWM control.  

 
 

Figure 4.17 Block diagram of grid-side converter control 
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4.2.7 Pitch Angle Controller Model 
The pitch angle controller is active only in high wind speeds. In such 

circumstances, the rotor speed can no longer be controlled by increasing the generated 
power, as this would lead to overloading the generator and/or the converter. Therefore 
the blade pitch angle is changed in order to limit the aerodynamic efficiency of the 
rotor. This prevents the rotor speed from becoming too high, which would result in 
mechanical damage. The optimal pitch angle is approximately zero below the nominal 
wind speed. From the nominal wind speed onwards, the optimal angle increases 
steadily with increasing wind speed, as can be seen in Figure 4.13. Equations (3.9) 
and (3.10) are used to calculate the impact of the pitch angle, ߚ, on the performance 
coefficient. The resulting value can be inserted in Equation (4.2) in order to calculate 
the mechanical power extracted from the wind. 

It should be taken into account that the pitch angle cannot change 
immediately, but only at a finite rate, which may be quite low because of the size of 
the rotor blades of modern wind turbines. Blade drives are usually as small as possible 
in order to save money. The maximum rate of change of the pitch angle is in the order 
of 3–10 degrees per second, depending on the size of the wind turbine. 

Figure 4.18 depicts the pitch angle controller. This controller is a proportional 
(P) controller. Using this controller type implies that the rotor speed is allowed to 
exceed its nominal value by an amount that depends on the value chosen for the 
constant Kp. 
However, we use a proportional controller because:  

• A slight overspeeding of the rotor above its nominal value can be tolerated 
and does not pose any problems to the wind turbine construction; 

• The system is never in steady state because of the varying wind speed. The 
advantage of an integral controller, which can achieve zero steady state 
error, would therefore be hardly noticeable 

 

 
Figure 4.18 Pitch angle control model 

 
4.3 Synchronous Machine Model 
4.3.1 Generator Model 

The model of the synchronous machine is well documented in the literature. 
One of the various models is represented in this thesis with the use of simplified 
model with one damping winding on the q-axis.  
In the case that one damping winding is included on the q-axis, form page 86-87 of 
[15] the set of electrical equations are simplified from the full model and redefined as 
following: 
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In d-axis: 
 

• Voltage equations 
݁ௗ ൌ െܴ௔݅ௗ െ ߱߰௤      (4. 64) 
݁௤ ൌ െܴ௔݅௤ ൅ ߱߰ௗ      (4. 65) 

௙݁ௗ ൌ ௙ܴௗ݅௙ௗ ൅ ଵ
ఠ್

ௗట೑೏

ௗ௧
    (4. 66) 

0 ൌ ܴ௞௤݅௞௤ ൅ ଵ
ఠ್

ௗటೖ೜

ௗ௧
     (4. 67) 

 
 

• Flux linkage equation 
 

߰ௗ ൌ െ ሺܮ௔ௗ ൅ ௟ሻᇣᇧᇧᇤᇧᇧᇥܮ
௅ௗ

݅ௗ ൅  ௔ௗ݅௙ௗ   (4. 68)ܮ

߰௤ ൌ െ ൫ܮ௔௤ ൅ ௟൯ᇣᇧᇧᇤᇧᇧᇥܮ
௅௤

݅௤ ൅  ௔௤݅௞௤   (4. 69)ܮ

߰௙ௗ ൌ െܮ௔ௗ݅ௗ ൅ ൫ܮ௔ௗ ൅ ௙ௗ൯ᇣᇧᇧᇧᇤᇧᇧᇧᇥܮ
௅೑೑೏

݅௙ௗ   (4. 70) 

߰௞௤ ൌ െܮ௔௤݅௤ ൅ ൫ܮ௔௤ ൅ ௞௤൯ᇣᇧᇧᇧᇤᇧᇧᇧᇥܮ
௅ೖೖ೜

݅௞௤   (4. 71) 

From (4.68)-(4.71) 
߰ௗ ൌ ߰௔ௗ െ  ௟݅ௗ     (4. 72)ܮ
߰௤ ൌ ߰௔௤ െ  ௟݅௤     (4. 73)ܮ
߰௙ௗ ൌ ߰௔ௗ ൅  ௙ௗ݅௙ௗ     (4. 74)ܮ
߰௞௤ ൌ ߰௔௤ ൅  ௟݅௞௤     (4. 75)ܮ

 
With  

 ߰௔ௗ ൌ െܮ௔ௗ݅ௗ ൅  ௔ௗ݅௙ௗ    (4. 76)ܮ
߰௔௤ ൌ െܮ௔௤݅௤ ൅  ௔௤݅௞௤    (4. 77)ܮ

 
From (4.75) and (4.73) we have 
 

߰௔ௗ ൌ െܮ௔ௗ݅ௗ ൅       ௔ௗ݅௙ௗܮ
߰௔ௗ  ൌ െܮ௔ௗ݅ௗ ൅ ௔ௗܮ

ଵ
௅೑೏

ሺ߰௙ௗ െ ߰௔ௗሻ    

߰௔ௗ ൌ ௔ௗܮ
ᇱ ൬െ݅ௗ ൅ ట೑೏

௅೑೏
൰    (4. 78) 

 
With 

௔ௗܮ
ᇱ ൌ ଵ

భ
ಽೌ೏

ା భ
ಽ೑೏

        (4. 79) 

 
From (4.77) and (4.75) we have 

 
߰௔௤ ൌ െܮ௔௤݅௤ ൅       ௔௤݅௞௤ܮ
߰௔௤  ൌ െܮ௔௤݅௤ ൅ ௔௤ܮ

ଵ
௅ೖ೜

ሺ߰௞௤ െ ߰௔௤ሻ    
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߰௔௤ ൌ ௔௤ܮ
ᇱ ൬െ݅௤ ൅ టೖ೜

௅ೖ೜
൰    (4. 80) 

 
With 

௔௤ܮ
ᇱ ൌ ଵ

భ
ಽೌ೜

ା భ
ಽೖ೜

        (4. 81) 

 
From (4.64) and (4.73) 
 

݁ௗ ൌ െܴ௔݅ௗ െ ߱߰௤        
ൌ െܴ௔݅ௗ െ ߱൫߰௔௤ െ        ௟݅௤൯ܮ

ൌ െܴ௔݅ௗ െ ߱ ൬ܮ௔௤
ᇱ ൬െ݅௤ ൅ టೖ೜

௅ೖ೜
൰ െ      ௟݅௤൰ܮ

ൌ െܴ௔݅ௗ ൅ ߱൫ܮ௔௤
ᇱ െ ௟൯ᇣᇧᇧᇧᇤᇧᇧᇧᇥܮ

௑೜
ᇲ

݅௤ െ߱ܮ௔௤
ᇱ టೖ೜

௅ೖ೜ᇣᇧᇧᇤᇧᇧᇥ
ா೏

ᇲ

     

݁ௗ ൌ െܴ௔݅ௗ ൅ ܺ௤
ᇱ ݅௤ ൅ ௗܧ

ᇱ         (4. 82) 
 
With 

ௗܧ
ᇱ ൌ െ߱ܮ௔௤

ᇱ టೖ೜

௅ೖ೜
ൌ െ߱ ଵ

భ
ಽೌ೜

ା భ
ಽೖ೜

టೖ೜

௅ೖ೜
ൌ െ߱ ௅ೌ೜

௅ೌ೜ା௅ೖ೜
߰௞௤ ൌ െ߱ ௅ೌ೜

௅ೖೖ೜
߰௞௤   (4. 83) 

 
From (4.65) and (4.72) 
 

݁௤ ൌ െܴ௔݅௤ ൅ ߱߰ௗ        
ൌ െܴ௔݅௤ ൅ ߱ሺ߰௔ௗ െ        ௟݅ௗሻܮ

ൌ െܴ௔݅௤ ൅ ߱ ൬ܮ௔ௗ
ᇱ ൬െ݅ௗ ൅ ట೑೏

௅೑೏
൰ െ      ௟݅ௗ൰ܮ

ൌ െܴ௔݅௤ െ ߱ሺܮ௔ௗ
ᇱ ൅ ௟ሻᇣᇧᇧᇧᇤᇧᇧᇧᇥܮ

௑೏
ᇲ

݅ௗ ൅ ௔ௗܮ߱
ᇱ ట೑೏

௅೑೏ᇣᇧᇧᇤᇧᇧᇥ
ா೜

ᇲ

     

݁௤ ൌ െܴ௔݅௤ ൅ ܺௗ
ᇱ ൅ ௤ܧ

ᇱ       (4. 84)  
 

With 
௤ܧ

ᇱ ൌ ௔ௗܮ߱
ᇱ ట೑೏

௅೑೏
ൌ ߱ ଵ

భ
ಽೌ೏

ା భ
ಽ೑೏

 ట೑೏

௅೑೏
ൌ ߱ ௅ೌ೏

௅ೌ೏ା௅೑೏
߰௙ௗ ൌ ߱ ௅ೌ೏

௅೑೑೏
߰௙ௗ  (4. 85)  

 
From (4.66) 

ଵ
ఠ್

ௗట೑೏

ௗ௧
ൌ ௙݁ௗ െ ௙ܴௗ݅௙ௗ       

 
Multiplying both sides by ௅ೌ೏

௅೑೑೏
 

 
ଵ

ఠ್

ௗ
ௗ௧

൬ ௅ೌ೏
௅೑೑೏

߰௙ௗ൰ ൌ ௅ೌ೏
௅೑೑೏

௙݁ௗ െ ௅ೌ೏
௅೑೑೏

௙ܴௗ݅௙ௗ    

   
ଵ

ఠ್

ௗ
ௗ௧

൫ܧ௤
ᇱ ൯ ൌ ௅ೌ೏

ோ೑೏

ோ೑೏

௅೑೑೏
௙݁ௗ െ ோ೑೏

௅೑೑೏
  ௔ௗ݅௙ௗ  (4. 86)ܮ
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And multiplying (4.70) by ௅ೌ೏
௅೑೑೏

 
௅ೌ೏

௅೑೑೏
߰௙ௗ ൌ െ ௅ೌ೏

మ

௅೑೑೏
݅ௗ ൅       ௔ௗ݅௙ௗܮ

௤ܧ
ᇱ ൌ െ ௅ೌ೏

మ

௅೑೑೏
݅ௗ ൅     ௔ௗ݅௙ௗ  orܮ

௔ௗ݅௙ௗܮ ൌ ௤ܧ
ᇱ ൅ ௅ೌ೏

మ

௅೑೑೏
݅ௗ      (4. 87) 

 
Replace (4.87) in (4.86) 
 

ଵ
ఠ್

ௗா೜
ᇲ

ௗ௧
ൌ ோ೑೏

௅೑೑೏

௅ೌ೏
ோ೑೏

௙݁ௗ െ ோ೑೏

௅೑೑೏
൬ܧ௤

ᇱ ൅ ௅ೌ೏
మ

௅೑೑೏
݅ௗ൰  (4. 88) 

 
And we have  

ௗܮ
ᇱ ൌ ௔ௗܮ

ᇱ ൅         ௟ܮ
ௗܮ

ᇱ ൌ ଵ
భ

ಽೌ೏
ା భ

ಽ೑೏

൅            ௟ܮ

ௗܮ
ᇱ ൌ ௅ೌ೏௅೑೏

௅ೌ೏ା௅೑೏
൅ ௗܮ െ       ௔ௗܮ

ௗܮ
ᇱ ൌ െ ௅ೌ೏

మ

௅ೌ೏ା௅೑೏
൅        ௗܮ

െ ௅ೌ೏
మ

௅ೌ೏ା௅೑೏
ൌ ௗܮ

ᇱ െ   ௗ      (4. 89)ܮ

 
Replace (4.89) in (4.88) 
 

ଵ
ఠ್

ௗா೜
ᇲ

ௗ௧
ൌ ோ೑೏

௅೑೑೏ต
భ

೅೏బ
ᇲ

௅ೌ೏
ோ೑೏

௙݁ௗᇣᇤᇥ
ா೑೏

െ ோ೑೏

௅೑೑೏ต
భ

೅೏బ
ᇲ

൫ܧ௤
ᇱ െ ሺܮௗ

ᇱ െ    ௗሻ݅ௗ൯ܮ

ଵ
ఠ್

ௗா೜
ᇲ

ௗ௧
ൌ ଵ

೏்బ
ᇲ ௙ௗܧ െ ଵ

೏்బ
ᇲ ൫ܧ௤

ᇱ െ ሺܮௗ
ᇱ െ     ௗሻ݅ௗ൯ܮ

ଵ
ఠ್

ௗா೜
ᇲ

ௗ௧
ൌ ଵ

೏்బ
ᇲ ൫െܧ௤

ᇱ െ ሺܮௗ
ᇱ െ ௗሻ݅ௗܮ ൅  ௙ௗ൯   (4. 90)ܧ

 
The same for q-axis from (4.67) 
 

ଵ
ఠ್

ௗటೖ೜

ௗ௧
ൌ െܴ௞௤݅௞௤        

 
Multiplying both sides by െ ௅ೌ೜

௅ೖೖ೜
 

 
ଵ

ఠ್

ௗ
ௗ௧

൬െ ௅ೌ೜

௅ೖೖ೜
߰௞௤൰ ൌ ܴ௞௤

௅ೌ೜

௅ೖೖ೜
݅௞௤     

 
ଵ

ఠ್

ௗ
ௗ௧

ሺܧௗ
ᇱ ሻ ൌ ܴ௞௤

௅ೌ೜

௅ೖೖ೜
݅௞௤    (4. 91) 

 
And multiplying (4.71) by െ ௅ೌ೜

௅ೖೖ೜
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െ ௅ೌ೜

௅ೖೖ೜
߰௞௤ ൌ ௅ೌ೜

మ

௅ೖೖ೜
݅௤ െ       ௔௤݅௞௤ܮ

 
ௗܧ

ᇱ ൌ ௅ೌ೜
మ

௅ೖೖ೜
݅௤ െ     ௔௤݅௞௤   orܮ

 
௔௤݅௞௤ܮ ൌ ௅ೌ೜

మ

௅ೖೖ೜
݅௤ െ ௗܧ

ᇱ      (4. 92) 

 
Replace (4.92) in (4.91) 
 

ଵ
ఠ್

ௗ
ௗ௧

ሺܧௗ
ᇱ ሻ ൌ ோೖ೜

௅ೖೖ೜
൬ ௅ೌ೜

మ

௅ೖೖ೜
݅௤ െ ௗܧ

ᇱ ൰   (4. 93) 

 
 
And we have  

௤ܮ
ᇱ ൌ ௔௤ܮ

ᇱ ൅        ௞௤ܮ
௤ܮ

ᇱ ൌ ଵ
భ

ಽೌ೜
ା భ

ಽೖ೜

൅ ൫ܮ௤ െ           ௔௤൯ܮ

௤ܮ
ᇱ ൌ ௤ܮ ൅ ൬ ௅ೌ೜௅ೖ೜

௅ೌ೜ା௅ೖ೜
െ       ௔௤൰ܮ

௤ܮ
ᇱ ൌ ௤ܮ െ ௅ೌ೜

మ

௅ೌ೜ା௅ೖ೜
       

௤ܮ
ᇱ ൌ ௤ܮ െ ௅ೌ೜

మ

௅ೖೖ೜
         

௅ೌ೜
మ

௅ೖೖ೜
 ൌ ௤ܮ െ ௤ܮ

ᇱ       (4. 94)  

 
Replace (4.94) in (4.93) 
 

ଵ
ఠ್

ௗ
ௗ௧

ሺܧௗ
ᇱ ሻ ൌ ோೖ೜

௅ೖೖ೜ต
భ

೅೜బ
ᇲ

ቀ൫ܮ௤ െ ௤ܮ
ᇱ ൯݅௤ െ ௗܧ

ᇱ ቁ    

ଵ
ఠ್

ௗ
ௗ௧

ሺܧௗ
ᇱ ሻ ൌ ଵ

೜்బ
ᇲ ൫െܧௗ

ᇱ ൅ ൫ܮ௤ െ ௤ܮ
ᇱ ൯݅௤൯  (4. 95) 

 
From (4.82), (4.84), (4.90) and (4.95) we obtained the electrical equation of 
synchronous generator and in form of matrices  
 

ቂ
݁ௗ
݁௤

ቃ ൌ ൤
െܴ௔ ܺ௤

ᇱ

െܺௗ
ᇱ െܴ௔

൨
ᇣᇧᇧᇧᇤᇧᇧᇧᇥ

ൣோ೐೜ெ൧

൤
݅ௗ
݅௤

൨ ൅ ൤
ௗܧ

ᇱ

௤ܧ
ᇱ ൨    (4. 96) 

 

ଵ
ఠ್

൤
ௗܧ

ᇱ

௤ܧ
ᇱ ൨ ൌ ቎

ଵ

೜்బ
ᇲ 0

0 ଵ

೏்బ
ᇲ

቏
ᇣᇧᇧᇤᇧᇧᇥ

ൣ ೐்೜ெ൧

൤
ௗܧ

ᇱ

௤ܧ
ᇱ ൨ ൅ ൦

0 ௅೜ି௅೜
ᇲ

೜்బ
ᇲ

െ ௅೏ି௅೏
ᇲ

೏்బ
ᇲ 0

൪

ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ൣ௅೐೜ெ൧

൤
݅ௗ
݅௤

൨ ൅ ቈ
0
ଵ

೏்బ
ᇲ

቉  ௙ௗ  (4. 97)ܧ
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• Electromagnetic torque can be expressed as following 
 

௘ܶ௠ ൌ ߰ௗ݅௤ െ ߰௤݅ௗ         
 

௘ܶ௠ ൌ ൫ܧ௤
ᇱ െ ௗܮ

ᇱ ݅ௗ൯݅௤ െ ൫െܧௗ
ᇱ െ ௤ܮ

ᇱ ݅௤൯݅ௗ     
 

௘ܶ௠ ൌ ௤ܧ
ᇱ ݅௤ ൅ ௗܧ

ᇱ ݅ௗ ൅ ൫ܮ௤
ᇱ െ ௗܮ

ᇱ ൯݅ௗ݅௤    (4. 98)  
 

• Synchronous Generator Equation of Motion 
 

ௗ୼ఠೝ
ௗ௧

ൌ ଵ
ଶு

ሺ ௠ܶ െ ௘ܶ െ  ஽Δ߱௥ሻ      (4. 99)ܭ
 

ௗఋ
ௗ௧

ൌ ߱௕ Δ߱௥        (4. 100) 
 

4.3.2 Governor Model 
The governor is modeled by a droop characteristic specified by the constant R, 

which is negative of slope shown in Figure 4.18, whose unit is in per unit or percent 
based on the machine rated [16]. 
 

ܴ ൌ െ ୼ఠሺ௣௨.ሻ
୼௉೘ሺ௣௨.ሻ

, Δ ݎ݋ ௠ܲሺݑ݌. ሻ ൌ െ ଵ
ோ

Δ߱௦ሺݑ݌. ሻ  (4. 101) 
 

  
Figure 4.19 Droop characteristic 

 
 

4.4 Load Model 
The load models are traditionally classified into two broad categories: static 

models and dynamic models [15]. The models of load represented in this section are 
included both static model as a constant impedance and dynamic load model. 
Equation (4.102) is the equation describe the dynamic load model and Figure 4.20 
represents the constant energy dynamic model of the load. 

 
௥ܶ

ௗீ
ௗ௧

ൌ ௢ܲ െ  ଶ    (4. 102)ܸܩ
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Figure 4.20 Constant power dynamic load model 
 
 

4.5 Network Model 
The model of network can be expressed either in power-balance form or 

current-balance form. The latter form is more popular with industry software package 
[17] and will be used here. Equation (4.103) and (4.104) is the nodal set of equations. 
 

௕௨௦ܫ ൌ ௕ܻ௨௦. ௕ܸ௨௦    (4. 103) 
 

Or 

ۏ
ێ
ێ
ێ
ۍ
ଵܫ
ڭ
௜ܫ
ڭ

ے௡ܫ
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ۍ ଵܻଵ ڮ ଵܻ௜ … ଵܻ௡

ڭ
௜ܻଵ
ڭ

…
ڭ
௜ܻ௜
ڭ

…
ڭ
௜ܻ௡
ڭ

௡ܻଵ ڮ ௡ܻ௜ … ௡ܻ௡ے
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ۍ ଵܸ

ڭ
௜ܸ

ڭ
௡ܸے

ۑ
ۑ
ۑ
ې
   (4. 104) 

 
Where ௕ܻ௨௦ is n×n bus admittance matrix of n buses network, ܫ௕௨௦ is the net 

injected current vector and ௕ܸ௨௦ is bus voltage vector. From the network equation 
(4.104), since there are different dynamic models of generation respect to their type of 
inputs and outputs, for instant, some dynamic model of generator that is modeled as 
voltage input and current as an output to network and all load buses that also have the 
current as the input to the network, hence they have to be gyrated between input and 
output of equation (4.104). 
And the corresponding algorithm of gyrated process for example row ݅ to be gyrated 
is as following 
From (4.104) can be written as 
 

݅ଵ ൌ ଵܻଵ ଵܸ ൅ ڮ ൅ ଵܻ௜ ௜ܸ ൅ ڮ ൅ ଵܻ௡ ௡ܸ   (4. 105) 
 

          ڮ
 

݅௜ ൌ ௜ܻଵ ଵܸ ൅ ڮ ൅ ௜ܻ௜ ௜ܸ ൅ ڮ ൅ ௜ܻ௡ ௡ܸ    (4. 106) 
 

          ڮ
 

 
݅௡ ൌ ௡ܻଵ ଵܸ ൅ ڮ ൅ ௡ܻ௜ ௜ܸ ൅ ڮ ൅ ௡ܻ௡ ௡ܸ    (4. 107) 
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From (4.105) we can find ௜ܸ as 
 

௜ܸ ൌ െ ௒೔భ
௒೔೔

ଵܸ െ ڮ ൅ ଵ
௒೔೔

݅௜ െ ڮ െ ௒೔೙
௒೔೔

௡ܸ   (4. 108) 
 

By substituting ௜ܸ to all currents expression (4.105)-(4.108) we get the new equations 
of the current as 
 

݅ଵ ൌ ଵܻଵ ଵܸ ൅ ڮ ൅ ଵܻ௜ ቀെ ௒೔భ
௒೔೔

ଵܸ െ ڮ ൅ ଵ
௒೔೔

݅௜ െ ڮ െ ௒೔೙
௒೔೔

௡ܸ ቁ ൅ ڮ ൅ ଵܻ௡ ௡ܸ   or  
 

݅ଵ ൌ ቀ ଵܻଵ െ ௒భ೔௒೔భ
௒೔೔

ቁ ଵܸ ൅ ڮ ൅ ௒భ೔
௒೔೔

݅௜ ൅ ڮ ൅ ቀ ଵܻ௡ െ ௒భ೔௒೔೙
௒೔೔

ቁ ௡ܸ    (4. 109) 
 

               ڮ
 

௜ܸ ൌ െ ௒೔భ
௒೔೔

ଵܸ െ ڮ ൅ ଵ
௒೔೔

݅௜ െ ڮ െ ௒೔೙
௒೔೔

௡ܸ      (4. 110) 
 

               ڮ
 

݅௡ ൌ ௡ܻଵ ଵܸ ൅ ڮ ൅ ௡ܻ௜ ቀെ ௒೔భ
௒೔೔

ଵܸ െ ڮ ൅ ଵ
௒೔೔

݅௜ െ ڮ െ ௒೔೙
௒೔೔

௡ܸ ቁ ൅ ڮ ൅ ௡ܻ௡ ௡ܸ     or  
 

݅௡ ൌ ቀ ௡ܻଵ െ ௒೙೔௒೔భ
௒೔೔

ቁ ଵܸ ൅ ڮ ൅ ௒೙೔
௒೔೔

݅௜ ൅ ڮ ൅ ቀ ௡ܻ௡ െ ௒೙೔௒೔೙
௒೔೔

ቁ ௡ܸ   (4. 111) 
 

In matrices form we get  
 

 

ۏ
ێ
ێ
ێ
ۍ
ଵܫ
ڭ
௜ܸ

ڭ
ے௡ܫ

ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ ଵܻଵ െ ௒భ೔௒೔భ

௒೔೔
ڮ ௒భ೔

௒೔೔
… ଵܻ௡ െ ௒భ೔௒೔೙

௒೔೔
ڭ

െ ௒೔భ
௒೔೔
ڭ

…
ڭ
ଵ

௒೔೔
ڭ

…
ڭ

െ ௒೔೙
௒೔೔
ڭ

௡ܻଵ െ ௒೙೔௒೔భ
௒೔೔

ڮ ௒೙೔
௒೔೔

… ௡ܻ௡ െ ௒೙೔௒೔೙
௒೔೔ ے

ۑ
ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ۍ ଵܸ

ڭ
௜ܫ
ڭ
௡ܸے

ۑ
ۑ
ۑ
ې

 (4. 112) 

Or 
 

ۏ
ێ
ێ
ێ
ۍ
ଵܫ
ڭ
௜ܸ

ڭ
ے௡ܫ

ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ۍ
ଵଵܪ ڮ ଵ௜ܪ … ଵ௡ܪ

ڭ
௜ଵܪ

ڭ
…

ڭ
௜௜ܪ

ڭ
…

ڭ
௜௡ܪ

ڭ
௡ଵܪ ڮ ௡௜ܪ … ے௡௡ܪ

ۑ
ۑ
ۑ
ې

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
ሾு೘೚೏ሿ

ۏ
ێ
ێ
ێ
ۍ ଵܸ

ڭ
௜ܫ
ڭ
௡ܸے

ۑ
ۑ
ۑ
ې

   (4. 113) 
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• Break Algebraic Loop for Synchronous Generator 
 
From the network equations (4.113), the expression of terminal current at bus 

 ௧௛ row and givenݐ where the synchronous generator is connected to is the current at ݐ
as  
 

௧ܫ ൌ ௧ଵܪ ଵܸ ൅ ڮ ൅ ௜ܫ௧௜ܪ ൅ ڮ ௧௧ܪ ௧ܸ ൅ ڮ ௧௡ܪ ௡ܸ   (4. 114) 
 

Or in complex form  
 

ௗ௧ܫ
௦ ൅ ௤௧ܫ݆

௦ ൌ ൫ܴ݈݁ܽሺܪ௧ଵሻ ൅ ௧ଵሻ൯൫ܪሺ݉ܫ݆ ௗܸଵ
௦ ൅ ݆ ௤ܸଵ

௦ ൯ ൅      ڮ
൅൫ܴ݈݁ܽሺܪ௧௜ሻ ൅ ௗ௜ܫ௧௜ሻ൯൫ܪሺ݉ܫ݆ 

௦ ൅ ௤௜ܫ݆
௦ ൯ ൅      ڮ

൅൫ܴ݈݁ܽሺܪ௧௧ሻ ൅ ௧௧ሻ൯൫ܪሺ݉ܫ݆ ௗܸ௧
௦ ൅ ݆ ௤ܸ௧

௦ ൯ ൅      ڮ
൅൫ܴ݈݁ܽሺܪ௧௡ሻ ൅ ௧௡ሻ൯൫ܪሺ݉ܫ݆ ௗܸ௡

௦ ൅ ݆ ௤ܸ௡
௦ ൯      

 
ௗ௧ܫ

௦ ൅ ௤௧ܫ݆
௦ ൌ ൫ܴ݈݁ܽሺܪ௧ଵሻ ௗܸଵ

௦ െ ௧ଵሻܪሺ݉ܫ ௤ܸଵ
௦ ൯ ൅ ݆൫ܴ݈݁ܽሺܪ௧ଵሻ ௤ܸଵ

௦ ൅ ௧ଵሻܪሺ݉ܫ ௗܸଵ
௦ ൯ ൅  ڮ

൅൫ܴ݈݁ܽሺܪ௧௜ሻܫௗ௜
௦ െ ௤௜ܫ௧௜ሻܪሺ݉ܫ

௦ ൯ ൅ ݆൫ܴ݈݁ܽሺܪ௧௜ሻܫ௤௜
௦ ൅ ௗ௜ܫ௧௜ሻܪሺ݉ܫ

௦ ൯ ൅  ڮ
 ൅൫ܴ݈݁ܽሺܪ௧௧ሻ ௗܸ௧

௦ െ ௧௧ሻܪሺ݉ܫ ௤ܸ௧
௦ ൯ ൅ ݆൫ܴ݈݁ܽሺܪ௧௧ሻ ௤ܸ௧

௦ ൅ ௧௧ሻܪሺ݉ܫ ௗܸ௧
௦ ൯ ൅  ڮ

 ൅൫ܴ݈݁ܽሺܪ௧௡ሻ ௗܸ௡
௦ െ ௧௡ሻܪሺ݉ܫ ௤ܸ௡

௦ ൯ ൅ ݆൫ܴ݈݁ܽሺܪ௧௡ሻ ௤ܸ௡
௦ ൅ ௧௡ሻܪሺ݉ܫ ௗܸ௡

௦ ൯  
 

Where superscript “s” defines as synchronous reference frame 
 
In matrices form  
 

൤
ௗ௧ܫ

௦

௤௧ܫ
௦ ൨ ൌ ሾܪ௧ଵሿ ൤ ௗܸଵ

௦

௤ܸଵ
௦ ൨ ൅ ڮ ሾܪ௧௜ሿ ൤

ௗ௜ܫ
௦

௤ଵܫ
௦ ൨ ൅ ڮ ሾܪ௧௧ሿ ൤ ௗܸ௧

௦

௤ܸ௧
௦ ൨ ൅ ڮ ൅ ሾܪ௧௡ሿ ൤ ௗܸ௡

௦

௤ܸ௡
௦ ൨  (4. 115) 

 
Where  
 

ఈఉ൧ܪൣ ൌ ቈ
ܴ݈݁ܽ൫ܪఈఉ൯ െ݉ܫ൫ܪఈఉ൯
ఈఉ൯ܪ൫݉ܫ ܴ݈݁ܽ൫ܪఈఉ൯

቉    (4. 116) 

 
And ௧ܸis the terminal voltage where synchronous generator connected to bus ݐ so we 

have൤ ௗܸ௧
௦

௤ܸ௧
௦ ൨ ൌ ൤

݁ௗ௧
௦

݁௤௧
௦ ൨. 

From (4.96) the terminal voltage of synchronous generator in rotor reference frame is 
redefined here 
 

൤
݁ௗ௧

௥
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Multiplying both sides by ሾܶሿିଵ 
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ᇱ ௥቉ቇ  (4. 118) 

Or 
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Replacing (4.119) in (4.115)  
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Where ሾܶሿ ൌ ቂ cos ߠ sin ߠ

െ sin ߠ cos  ቃ, is a transformation matrix from rotor reference frameߠ
to synchronous reference frame and ߠ is an angle that d-axis rotor reference frame 
lead d-axis of synchronous reference frame. 

θ

rω

sωδ

 
Figure 4.21 Transformation reference frame 

 



52 

And we see that the matrix ሾܤሿ is the ݐ௧௛ row output from ሾܪ௠௢ௗሿ when the input of 

the ሾܪ௠௢ௗሿ is stateቈ
ௗ௧ܧ

ᇱ ௦

௤௧ܧ
ᇱ ௦቉. 

 
And as the synchronous generator is modeled in rotor reference frame so we have to 
transform the current expression obtained from network in synchronous reference 
frame to the rotor reference frame. 
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CHAPTER V 
 

TEST RESULTS AND DISCUSSION 
 

Several case studies have been conducted to examine responses of dynamic 
model and the operation of the 13.8 kV system in Figure 4.1. Firstly, the impact of a 
local compensator on WT-SCIG is investigated, following which validity of the 
induction generator operation as it is the main component used in the wind power 
generation. Next, two cases of disturbances applied to the microgrid including small 
disturbance caused by natural wind speed fluctuation and large disturbance that 
results from the fault occurring at bus 4 are examined. The two types of clearing fault 
are also contributed to the case study, it consists of a temporary fault and a permanent 
fault. In the case of the temporary fault, the fault is cleared followed by the 
reconnecting of the microgrid to the main grid. For the permanent fault, the fault is 
cleared by removing the line between the bus 4 and bus 5, leading to the islanding 
operation mode of the microgrid. The case study also investigated the impact of three 
control schemes with the comparison among case of fix-speed wind turbine with 
squirrel cage induction generator (SCIG), VAr-controlled wind turbine and voltage-
controlled wind turbine with doubly-fed induction generator (DFIG). Furthermore, 
observation of the impact of different types of load model encompassing constant 
impedance and constant power has been . 

 
5.1 Validation of System Model 
5.1.1 WT-SCIG without Local VAr Compensation 

In this case only wind turbine with squirrel cage induction generator (WT-
SCIG) source is inside the microgrid and Figure 5.1 illustrates the simulink block of 
the system.  
 

 
Figure 5.1 Simulink block of microgrid with WT-SCIG 
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From the result of load flow in the table 5.1, we see that at bus 7 which is a PV 
bus, it needs to generate active power 2 MW and reactive power about 2.308 MVAr 
in order to combine with the power main grid to balance the demand and the losses in 
the system as seen from table 5.2. However, as this bus is connected to the wind 
turbine with squirrel cage induction generator that always absorbs reactive power, the 
system will operate with this condition unless there is a reactive source to compensate 
the reactive consumed by load and SCIG. In the case that there is no compensating 
source of reactive power, the SCIG directly absorbs the reactive power from the main 
grid that can lead to the decrease of voltage in the system as shown in the Figure 5.2. 
And from the figure we also seen that the active power of SCIG is reduced closely to 
zero, it is the fact that, in the case of SCIG, there is a relation between terminal 
voltage, rotor speed, active power generation and reactive power consumption [10]. 
 
Table 5.1 Load flow initialization without local VAr compensation 

Bus  No. Voltage Load Generation Injected 
Mag. Angle (deg.) MW MVAr MW MVAr MVAr 

1 1.050 0.000 - - 1.094 1.596 - 
2 1.048 -0.014 - - - - - 
3 0.994 -1.727 - - - - - 
4 0.973 -1.116 - - - - - 
5 0.964 -0.394 - - - - - 
6 0.975 0.731 0.560 0.540 - - - 
7 1.000 1.250 0.900 1.540 2.000 2.308 0.000 
8 0.892 -3.613 1.500 1.440 0.000 0.000 - 

Total 2.960 3.520 3.094 3.904 0.000 
 

  Table 5.2 Line flow and losses without local VAr compensation 
Line Power at bus and line flow Line losses 

From bus To bus MW MVAr MVA MW MVAr 
1  1.094 1.596 1.935   
 2 1.094 1.596 1.935 0.002 0.003 
2  0.000 0.000 0.000   
 1 -1.093 -1.593 1.932 0.002 0.003 
 3 1.093 1.593 1.932 0.012 0.115 
3  0.000 0.000 0.000   
 2 -1.080 -1.478 1.831 0.012 0.115 
 4 1.080 1.478 1.831 0.038 0.020 
4  0.000 0.000 0.000   
 3 -1.042 -1.459 1.793 0.038 0.020 
 5 1.042 1.459 1.793 0.028 0.000 
5  0.000 0.000 0.000   
 4 -1.015 -1.459 1.777 0.028 0.000 
 6 -0.517 -0.187 0.550 0.002 0.012 
 8 1.532 1.646 2.248 0.032 0.206 
6  -0.560 -0.540 0.778   
 5 0.519 0.199 0.556 0.002 0.012 
 7 -1.079 -0.739 1.308 0.021 0.029 
7  1.100 0.768 1.342   
 6 1.100 0.768 1.342 0.021 0.029 
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8  -1.500 -1.440 2.079   
 5 -1.500 -1.440 2.079 0.032 0.206 

Total losses 0.134 0.385 
 

 
Figure 5.2 Dynamic responses of SCIG without local VAr compensation 

 
5.1.2 WT-SCIG with Local VAr Compensation 
 
Table 5.3 Load flow initialization with local VAr compensation 

Bus  No. Voltage Load Generation Injected 
Mag. Angle (deg.) MW MVAr MW MVAr MVAr 

1 1.050 0.000 - - 1.094 1.596 - 
2 1.048 -0.014 - - - - - 
3 0.994 -1.727 - - - - - 
4 0.973 -1.116 - - - - - 
5 0.964 -0.394 - - - - - 
6 0.975 0.731 0.560 0.540 - - - 
7 1.000 1.250 0.900 1.540 2.000 -1.422 3.730 
8 0.892 -3.613 1.500 1.440 0.000 0.000 - 

Total 2.960 3.520 3.094 0.174   3.730 
                    
     Table 5.4 Line flow and losses  with local VAr compensation 

Line Power at bus and line flow Line losses 
From bus To bus MW MVAr MVA MW MVAr 

1  1.094    1.596    1.935   
 2 1.094    1.596    1.935 0.002     0.003 
2  0.000    0.000    0.000      
 1 -1.093   -1.593   1.932    0.002     0.003 
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 3 1.093    1.593    1.932    0.012     0.115 
3  0.000    0.000    0.000      
 2 -1.080   -1.478   1.831    0.012     0.115 
 4 1.080    1.478    1.831    0.038     0.020 
4  0.000    0.000    0.000      
 3 -1.042   -1.459   1.793    0.038     0.020 
 5 1.042    1.459    1.793    0.028     0.000 
5  0.000    0.000    0.000      
 4 -1.015   -1.459   1.777    0.028     0.000 
 6 -0.517   -0.187   0.550    0.002     0.012 
 8 1.532    1.646    2.248    0.032     0.206 
6  -0.560 -0.540 0.778   
 5 0.519 0.199 0.556 0.002 0.012 
 7 -1.079 -0.739 1.308 0.021 0.029 
7  1.100 0.768 1.342   
 6 1.100 0.768 1.342 0.021 0.029 
8  -1.500 -1.440 2.079   
 5 -1.500 -1.440 2.079 0.032 0.206 

Total losses 0.134 0.385 
 

 
We know that, at the operating point obtained from the load flow, the SCIG 

absorbed about 1.422 MVAr. So we need the source that can generate the reactive 
2.308+1.422 = 3.73 MVAr by using compensating capacitor in order to avoid the 
direct absorbing reactive power from the grid that can lead to voltage instability as the 
previous case. the values of power supplied, consumed and lost of the system are 
provided in table 5.3 and table 5.4, respectively . This case study investigates dynamic 
responses of the WT-SCIG due to the step change of wind speed.  

From the Figure 5.4, we see that the WT-SCIG operate at rated value with the 
wind speed around 8 m/s. At time 5 sec, the wind speed steps down to zero this means 
that there is no mechanical torque apply to the turbine and there is no induced current 
in the rotor circuit, so the rotor free rotates with the synchronous speed ߱௥  ൌ  .ݑ݌ 1 

And from the Figure 5.3 that shows the mechanical torque of the modeled 
wind turbine, it shows that in some range of turbine’s rotor speed and wind speed it 
can give the negative torque. As we know that in the case of SCIG with the negative 
torque, it will operate as motor mode so that in this case by applying step change of 
wind speed, as seen in the Figure 5.4, to 2 m/s at time 10 sec. The mechanical torque 
also steps down from positive to negative and the SCIG operates as a motor by 
absorbing active power form the grid as we can see from the figure that there is also 
changing sign from positive to negative of active power and  it leads to the more 
increase of active power from the grid. And the SCIG also operates at speed less than 
the synchronous speed (or positive slip) as a motor.  
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Figure 5.3 Mechanical torque of wind turbine 
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5.2 Dynamic Responses under Local Capacitor Switching 

In this case study, there exists WT-SCIG combined with the synchronous 
generator (SG) inside the microgrid and all loads are modeled as constant impedance. 
Figure 5.5 illustrated the simulink block of the system when SG is included.  

 
 

 
Figure 5.5 Simulink block of microgrid with WT-SCIG and SG 

 
Again, from the result of load flow in the table 5.5, we see that at bus 7 which 

is a PV bus it needs to generate active power 2 MW and reactive power about 1.426 
MVar in order to combine with the power main grid to balance the demand and the 
losses in the system as seen from table 5.6. So in order to operate the system at this 
condition, we need the compensation of reactive power about 1.422+1.426 = 2.848 
MVar. And table 5.7 shows the load flow when we include var compensator to the 
system. 
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Table 5.5 Load flow initialization without local VAr compensation 

Bus  No. Voltage Load Generation Injected 
Mag. Angle (deg.) MW MVAr MW MVAr MVAr 

1 1.050 0.000 - - 0.001 0.988 - 
2 1.049 0.023 - - - - - 
3 1.017 0.212 - - - - - 
4 1.012 0.813 - - - - - 
5 1.012 1.244 - - - - - 
6 0.989 2.607 0.560 0.540 - - - 
7 1.000 3.717 0.900 1.540 2.000 1.426 0.000 
8 1.000 0.253 1.500 1.440 1.000 1.201 - 

Total 2.960 3.520 3.001 3.616 0.000 
 
  Table 5.6 Line flow and losses without local VAr compensation 

Line Power at bus and line flow Line losses 
From bus To bus MW MVAr MVA MW MVAr 

1  0.001 0.988 0.988   
 2 0.001 0.988 0.988 0.000 0.001 
2  0.000 0.000 0.000   
 1 -0.001 -0.988 0.988 0.000 0.001 
 3 0.001 0.988 0.988 0.003 0.030 
3  0.000 0.000 0.000   
 2 0.002 -0.958 0.958 0.003 0.030 
 4 -0.002 0.958 0.958 0.010 0.005 
4  0.000 0.000 0.000   
 3 0.012 -0.952 0.952 0.010 0.005 
 5 -0.012 0.952 0.952 0.007 0.000 
5  0.000 0.000 0.000   
 4 0.020 -0.952 0.952 0.007 0.000 
 6 -0.521 0.702 0.875 0.004 0.028 
 8 0.502 0.250 0.561 0.002 0.012 
6  -0.560 -0.540 0.778   
 5 0.526 -0.674 0.855 0.004 0.028 
 7 -1.086 0.134 1.094 0.014 0.020 
7  1.100 -0.114 1.106   
 6 1.100 -0.114 1.106 0.014 0.020 
8  -0.500 -0.239 0.554   
 5 -0.500 -0.239 0.554 0.002 0.012 

Total losses 0.041 0.096 
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Table 5.7 Load flow initialization with local VAr compensation 

Bus  No. Voltage Load Generation Injected 
Mag. Angle (deg.) MW MVAr MW MVAr MVAr 

1 1.050 0.000 - - 0.001 0.988 - 
2 1.049 0.023 - - - - - 
3 1.017 0.212 - - - - - 
4 1.012 0.813 - - - - - 
5 1.012 1.244 - - - - - 
6 0.989 2.607 0.560 0.540 - - - 
7 1.000 3.717 0.900 1.540 2.000 -1.422 2.848 
8 1.000 0.253 1.500 1.440 1.000 1.201 0.000 

Total 2.960 3.520 3.001 0.768 2.848 
 
Table 5.8 Line flow and losses with local VAr compensation 

Line Power at bus and line flow Line losses 
From bus To bus MW MVAr MVA MW MVAr 

1  0.001 0.988 0.988   
 2 0.001 0.988 0.988 0.000 0.001 
2  0.000 0.000 0.000   
 1 -0.001 -0.988 0.988 0.000 0.001 
 3 0.001 0.988 0.988 0.003 0.030 
3  0.000 0.000 0.000   
 2 0.002 -0.958 0.958 0.003 0.030 
 4 -0.002 0.958 0.958 0.010 0.005 
4  0.000 0.000 0.000   
 3 0.012 -0.952 0.952 0.010 0.005 
 5 -0.012 0.952 0.952 0.007 0.000 
5  0.000 0.000 0.000   
 4 0.020 -0.952 0.952 0.007 0.000 
 6 -0.521 0.702 0.875 0.004 0.028 
 8 0.502 0.250 0.561 0.002 0.012 
6  -0.560 -0.540 0.778   
 5 0.526 -0.674 0.855 0.004 0.028 
 7 -1.086 0.134 1.094 0.014 0.020 
7  1.100 -0.114 1.106   
 6 1.100 -0.114 1.106 0.014 0.020 
8  -0.500 -0.239 0.554   
 5 -0.500 -0.239 0.554 0.002 0.012 

Total losses 0.041 0.096 
 

The investigation on the impact of local compensator is performed. The 
microgrid is first operated at normal operation and at time t = 5 sec, there is a 
switching off local capacitor. The Figure 5.6 shows the responses of the microgrid 
during absence of compensation, the gray curves represent the responses in the case 
there is a switching off a local capacitor at time t = 5 sec and it is reconnected to the 
system after 1 sec and the black curves represent the responses in the case there is a 
switching of local capacitor and it is not reconnected to the system.  
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The result indicates that during the switching off local capacitor, there is a 
large amount of reactive power absorbed from the main grid. This leads to the large 
drop of voltages. Unless there is reactive compensator, the rotor of the SCIG 
continues to increase so that more and more reactive power is absorbed by SCIG and 
brings to the voltage instability (black curve). The voltage is restored to the normal 
operation after reconnection of local compensator (gray curve). However, the 
frequency of the microgrid is subjected to long time oscillation even the reconnection 
of local compensator before it reaches the steady state.  

 

                         
Figure 5.6 Impact of local compensator on stability of MG 
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5.3 Dynamic Responses Under Small Disturbance 
 

In this section the dynamic responses of the microgrid during the small 
disturbance caused by the wind fluctuation are conducted with comparison of these 
dynamic responses among the three different control modes of the wind power: fix-
speed wind turbine with the wind turbine driving the SCIG, and the other two control 
modes including VAr and voltage control of a variable-speed wind turbine with wind 
turbine driving the DFIG. In this case, the system is also included the dynamic load 
model with constant power at bus 6. The Figure 5.7 illustrates the simulink block of 
the microgrid with the presence of DFIG and the constant power load model. 

 

 
 

Figure 5.7 Simulink block of MG with DFIG and a constant power load model 
 

Figure 5.8 shows the simulated results of wind speed with respect to time, the 
corresponding generated power from wind turbine, the terminal voltage at bus 7, and 
the frequency of the microgrid, for three different control modes, respectively. The 
stabilizing power generated of sources corresponding to power fluctuations from wind 
can be examined in the Figure 5.9.  

It can be seen from the results the effectiveness of variable-speed control of 
WT-DFIG which results in significantly reduced output power fluctuations, and the 
corresponding small frequency variation comparing to the fix-speed wind turbine 
driving the SCIG.  

The fact that fix-speed wind turbine contributes to more power oscillation than 
that in the case of variable-speed wind turbine is that: with fix-speed wind turbine, the 
wind turbine is designed to achieve maximum efficiency of mechanical power at only  
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one particular wind speed, mostly at average wind speed at the windy site, and the 
wind turbine rotor speed is fixed and determined by the frequency of supply grid, gear 
ratio and generator design, so that all the fluctuations in wind speed  are transmitted as 
fluctuations in mechanical torque and then as fluctuations in   the electrical grid. 
However, with the variable-speed wind turbine, it has become possible to adapt 
accelerating or decelerating rotational speed of wind turbine to the change of wind 
speed. This way, the tip speed ratio is kept constant at a predefined value 
corresponding to the maximum power coefficient that leads to faire constant in 
generator torque and the same constant in power generation.  

Additionally, the results confirm performances of the VAr and the voltage 
control, and as verified by Figure 5.9, the independence between active and reactive 
power controls, respectively. As it is seen that the active power outputs is the same in 
case of VAr or voltage control. 

 

 
Figure 5.8 Dynamic performances under small disturbance 
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Figure 5.9 Active power fluctuations 

 
5.4 Dynamic Responses Under Temporary Fault 
 

In this case, short-circuit fault is applied at bus 4 at time t=10 sec, and 
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main grid. The respective test results are shown in Figure 5.10. It is noted that during 
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fault is cleared, mainly due to interaction between governor action of the SG and 
stabilizing tie-flow from the main grid. It is seen that there is swing of the frequency 
in all the three control modes. This maybe comes from a small size of synchronous 
generator’s inertia and constant power load model resulting in weak damping of the 
system during the disturbance. And it is also seen that in the case of the voltage 
control wind turbine, the system subjected to the weakest damping leading to the 
highest oscillation as seen in the figure. And the voltage drops recover quite fast in all 
the three cases.  
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Figure 5.10 Dynamic performances under temporary fault 

 
5.5 Dynamic Responses Under Permanent Fault 
 

For this case, the fault has been cleared after 150 msec by opening the line 
between bus 4 and 5. The MG is then driven into the islanding mode of operation. Test 
results shown in Figure 5.11 show the active powers of the generation sources, voltage 
at wind turbine bus and the frequency of the synchronous generator with the three 
different control modes respectively in the different subplots. It reveals that after fault 
is cleared, there is no supply from the main grid so that the islanding operation of the 
microgrid has only sources from the wind turbine and the synchronous generator.  

It is seen that during occurring of fault changing topologies of the system, the 
electrical power generation from the wind turbine and synchronous generator is 
reduced resulting in increase of frequency due to unbalance of electrical and 
mechanical torque and there is large drop of voltage with all three control modes (fix-
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load leading to large drop in frequency. 

Likely, in the case of VAr control wind turbine with the PF = 0.8 lagging, the 
wind turbine cannot operate immediately after clearing fault due to sudden drop of 
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normal operation after the clearing fault. However, the microgrid still subjected to the 
variation of frequency resulting from the variation of power generation from the wind 
turbine. 
 
5.6 Impact of Load Model 

The case study here compares between the microgrid frequency of the existing 
system that includes only a constant power load model to that of the MG system that 
includes all the loads as constant power load model. The comparison is done only in 
the case of variable-speed wind turbine with voltage control during the both temporary 
and permanent fault. Figure 5.12 shows the simulink block diagram of the MG when 
all loads are constant power. 
 
 
 

 
Figure 5.12 Simulink block of MG with all constant power loads 

 
From the results of Figure 5.13, the frequency of the microgrid with all of 

loads being constant power is subjected to higher oscillation during temporary fault 
and becomes unstable under the permanent fault (islanding). The reason is that in the 
case of constant impedance load model, power is proportional to the V2, whereas in 
the case of constant power load, the power is proportional to V0. Hence, constant 
impedance loads can provide the damping to the system during the disturbance.  
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Figure 5.13 Frequency of the MG 
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Table 5.9 Eigen values of the linearized model of the MG 
N0 Eigen Value Freq (rad/s) Damping ratio State  
1 0.0000 + 0.0000i 0 1 Iqrc* 
2 -261.0434 + 511.0169i 511.0170 0.4549 ߣௗ௦, ߣ௤௦ 
3 -261.0434 - 511.0169i -511.0170 0.4549 ߣௗ௦, ߣ௤௦ 
4 -2.6633e-05 + 377.0153i 377.0153 0.0000 IdL, IqL 
5 -2.6633e-05 - 377.0153i -377.0153 0.0000 IdL, IqL 
6 -208.9609 + 31.9565i 31.9565 0.9885 ߣௗ௥, ߣ௤௥ 
7 -208.9609 - 31.9565i -31.9565 0.9885 ߣௗ௥, ߣ௤௥ 
8 -63.5832 + 0.0000i 0 1 Conductance G 
9 -32.4635 + 0.0000i 0 1 vdrc* 

10 -30.1350 + 0.0000i 0 1 vqrc* 
11 -0.1133 + 12.7510i 12.7510 0.0089 ߜ,Δ߱௥ 
12 -0.1133 - 12.7510i -12.7510 0.0089 ߜ,Δ߱௥ 
13 -9.8079 + 0.0000i 0 1 Governor 
14 -3.4836 + 0.0000i 0 1 Idrc* 
15 -0.0049 + 0.8154i 0.8154 0.0061 Vdc, Idgc*, vdgc* 
16 -0.0049 - 0.8154i -0.8154 0.0061 Vdc, Idgc*, vdgc* 
17 -0.5341 + 0.0000i 0 1 WT speed ߱௥ 
18 -0.0099 + 0.0000i 0 1 IqL 
19 -0.0011 + 0.0000i 0 1 Eq’ 
20 -0.0048 + 0.0000i 0 1 Ed’ 
21 0.0000 + 0.0000i 0 1 vqgc* 

 
Table 5.10 Participation factors 

PARTICIPAT
ION EIGENVALUE 

STATE N0 1 2 3 4 5 6 7 8 9 10 11 
Vdc 1 0.0000 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 ௗ௦ 2 0.0000 0.6133 0.6133 0.0000 0.0000 0.4937 0.4937 0.0057 0.0055 0.0012 0.0000ߣ

 ௤௦ 3 0.0000 0.5812 0.5812 0.0000 0.0000 0.0726 0.0726 0.0017 0.0047 0.0017 0.0000ߣ

 ௗ௥ 4 0.0000 0.1591 0.1591 0.0000 0.0000 0.7758 0.7758 0.0008 0.0235 0.1357 0.0002ߣ

 ௤௥ 5 0.0000 0.1829 0.1829 0.0000 0.0000 1.1912 1.1912 0.0023 0.2503 0.0115 0.0000ߣ

 0.4939 0.0004 0.0000 0.0002 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 6 ߜ

 ௗି௣௥ 7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001ܧ

 ௤ି௣௥ 8 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000ܧ

Conductance G 9 0.0000 0.0023 0.0023 0.0000 0.0000 0.0101 0.0101 0.9920 0.0024 0.0022 0.0003 

WT speed ߱௥ 10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Iqrc* 11 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

vdrc* 12 0.0000 0.0083 0.0083 0.0000 0.0000 0.1232 0.1232 0.0081 0.9116 0.2979 0.0000 

vqrc* 13 0.0000 0.0078 0.0078 0.0000 0.0000 0.0998 0.0998 0.0055 0.3296 0.8482 0.0002 

Δ߱௥ 14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0002 0.0002 0.0000 0.0004 0.5035 

IdL 15 0.0000 0.0000 0.0000 0.5000 0.5000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IqL 16 0.0000 0.0000 0.0000 0.4999 0.4999 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Idgc* 17 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

vdgc* 18 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

vqgc* 19 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Governor 20 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0097 

Idrc* 21 0.0000 0.0014 0.0014 0.0000 0.0000 0.0280 0.0280 0.0005 0.0294 0.0021 0.0001 
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PARTICIPATIO

N EIGENVALUE 

STATE N0 12 13 14 15 16 17 18 19 20 21 
Vdc 1 0.0000 0.0000 0.0000 0.4999 0.4999 0.0000 0.0002 0.0000 0.0000 0.0000 

 ௗ௦ 2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000ߣ

 ௤௦ 3 0.0000 0.0000 0.0018 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000ߣ

 ௗ௥ 4 0.0002 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000ߣ

 ௤௥ 5 0.0000 0.0000 0.0025 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000ߣ

 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0122 0.4939 6 ߜ

 ௗି௣௥ 7 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0302 0.9698 0.0000ܧ

 ௤ି௣௥ 8 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9698 0.0302 0.0000ܧ

Conductance G 9 0.0003 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

WT speed ߱௥ 10 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 

Iqrc* 11 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

vdrc* 12 0.0000 0.0000 0.0027 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

vqrc* 13 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Δ߱௥ 14 0.5035 0.0073 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

IdL 15 0.0000 0.0000 0.0000 0.0025 0.0025 0.0000 0.0049 0.0000 0.0000 0.0000 

IqL 16 0.0000 0.0000 0.0000 0.4975 0.4975 0.0000 0.9946 0.0000 0.0000 0.0000 

Idgc* 17 0.0000 0.0000 0.0000 0.4999 0.4999 0.0000 0.0001 0.0000 0.0000 0.0000 

vdgc* 18 0.0000 0.0000 0.0000 0.5000 0.5000 0.0000 0.0001 0.0000 0.0000 0.0000 

vqgc* 19 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 

Governor 20 0.0097 0.9952 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Idrc* 21 0.0001 0.0000 0.9963 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
From the eigenvalues obtained, the system is stable under the small signal 

analysis because all real parts are negative. It also shows that some modes 
2,3,6,7,8,9,10 contribute to the fast dynamic responses and these modes are related to 
the states: 

DFIG states: ߣௗ௦, ߣ௤௦, ߣௗ௥, ߣ௤௥ 
 Control states: constant power load G, vdrc* and vqrc* 
And other modes 11,12,13,14,15,16,17 contribute to the dominant modes and related 
to the states: 

DFIG states: ߱௥ 
 SG states: Δ߱௥, ߜ 
 Control states: Vdc, Idgc*, vdgc*, Idrc* and Governor 
 

From the above, the states of DFIG could be candidates for model 
simplification with its fast dynamic responses. And the dominant modes 11, 12 of 
rotor angle of synchronous generator are the candidates for adding damping due to 
their low damping ratio, whereas the mode 17 of rotor of wind turbine provides the 
high ratio damping. It also observes that oscillation mode of the synchronous generator 
provides the high oscillation with frequency 12.7510 rad/s (2.03 Hz). This results from 
the small inertia of synchronous H = 2 sec. However, the value of this frequency is 
reduced to 8.0370 rad/s (1.28 Hz) when H = 5 sec and to 5.6702 rad/s (0.90 Hz) when 
H = 10 sec. 

 

 



 

CHAPTER VI 
 

CONCLUSION 
 

6.1 Conclusion 
 

The studies on stability performances of a microgrid application under various 
disturbances including the naturally fluctuation of the wind speed and the large 
disturbance of the fault have been conducted. The system modeled includes dynamics 
and control of the doubly-fed induction generator driven by the pitch-controlled wind 
turbine, the synchronous generator with droop characteristic, and the constant-power 
portion of the system load. The fluctuation of the wind speed has been represented 
using Weibull random distribution. Based upon simulated test results carried out using 
Matlab/Simulink, it can be concluded that the MG operates quite stably under normal 
operation with wind speed fluctuation and with non-islanding faults. Nevertheless, 
under disturbance operation which brings about isolation of the MG from the main 
grid, it reveals clearly the superiority of modern control design of wind turbine using 
DFIG to those of SCIG. Additionally, with no control on the rotor-side of an 
induction generator, as in the case of a squirrel cage-type induction machine, the local 
capacitor for voltage support is of necessity to ensure stable operation of the wind 
power station. 
 
6.2 Future Works 

The microgrid system is a new concept of power system operation under the 
research and developing (R&D). Also it has various designs of microgrid systems 
depending on the different operational purpose so the stability of the system may also 
depend on the configuration of the system. And the future work will also  

1. Try to address the control performance standard of the MG 
2. Examine control design of DFIG to enhance the stability of the MG 
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APPENDIX A 

 
Table A. 1 Wind turbine and induction generator data [11] 

Name  Value 
Rated  power [Mw] 2 
Base wind speed (wind_base) [m/s] 6 
Base rotational speed or rotational speed at maximum power for the base wind 
speed (speed_nom) [p.u.] 1.2 

Nominal tip speed ratio ߣ௡௢௠ 8.1 
Nominal power coefficient ݌ܥ௡௢௠ 4.8 
Rated frequency (Hz) 60 
Mutual inductance Lm (p.u.) 2.9 
Stator resistance Rs (p.u.) 0.00706 
Stator leakage inductance Lls (p.u.) 0.171 
Rotor resistance Rr (p.u.) 0.005 
Rotor leakage inductance Llr (p.u.) 0.156 
Inertia H (s) 5.04 

 
Table A. 2 Synchronous generator data 

Name  Value 
Rated  power [Mw] 1 
Armature winding resistance Ra (p.u.) 0.003 
Stator leakage reactance Xls (p.u.)  0.15 
Stator d-axis self reactance Xd (p.u.) 1.81 
Stator q-axis self reactance Xq (p.u.) 1.76 
Inertia H (s) 2 
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