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Summary 

 

This thesis presents an investigation on system architecture, control and analysis of wind 

turbine generators to improve grid integration performance. First of all, the main grid 

connection requirements have been reviewed in terms of safety operation of transmission 

systems as well as the wind turbine configurations. Due to these requirements, there have 

been conscious efforts made by wind turbine manufacturers to design grid compatible 

wind turbines, which are able to improve turbine operating performance and eliminate 

negative impacts on the utility, with features such as strong fault ride-through capability, 

flexible voltage regulation and good power quality performance. All these expectations 

provided the motivation to carry out the research described in this thesis.  

Doubly-fed induction generator (DFIG) wind turbine technology has been extensively 

applied by many turbine manufacturers due to the low cost of its partial-scale power 

electronics converter. However, enhancing ride-through capability under grid fault events 

has been worldwide recognized as a challenging problem of the DFIG-based wind 

generation systems. The operating principle and numerical simulation of DFIG-based 

wind turbine are thus reviewed, which give the fundamentals to analyze the essential 

behaviors during grid faults. Consequently, a ride-through enhancing solution is proposed 

based on series compensation principle. The compensator is in series with the stator 

windings of the DFIG in order to eliminate the impacts caused by grid voltage faults. 

Furthermore, an advanced ride-through control scheme based on ramp-function injection 

voltage is developed to significantly reduce the energy capacity requirement of the series 

compensator, which in turn reduces the capital cost. The performance of the developed 

architecture has been verified in simulation.  

Compared to DFIG, full scale power electronics converter based wind generators such as 

those using permanent magnet synchronous generators (PMSG), exhibit superior ride-

through and grid support performances. The PMSG will likely be the mainstream turbine 

generator in most new installations in the next decade. In the PMSG configuration, the 

power electronics play the crucial function of power interface and buffer to bridge the 

PMSG and the utility. This project proposes an integration of a three-switch buck-type 

rectifier and a grid-side Z-source inverter for the application of PMSG wind turbine, 
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which aims to produce a robust design of wind power generation system. The modulation 

technique, analysis and demonstration of this topology have been studied in details in this 

project. Subsequently, the design methodology, the simulation studies, and the 

experimental verification of a PMSG wind turbine based on this new power converter are 

presented. The proposed generator-side control strategy is optimized from the 

fundamentals of the Id=0 control and the unity power factor control. In addition, voltage-

oriented control is used for the grid-side inverter to decouple active and reactive power 

control while extracting the maximum wind power by adjusting the shoot-through 

duration of the Z-source network. The numerical simulation and experimental results 

have verified the proposed control schemes.  

Regardless of DFIG or PMSG, wind power capacity will have a significant percentage of 

the worldwide electricity demand in the next decade, especially in western European 

countries. Consequently, grid connected wind power will be significant enough to affect 

the operation of utility in terms of voltage regulation and frequency control. Thus there is 

a need to devise reliable methods to accurately quantify the impacts so as to obtain the 

most appropriate and economical solution to mitigate the negative impacts. Hence, 

another original contribution of this thesis is a statistics-based analysis method for the 

purpose of assessing the impact on voltage quality caused by large wind power generation. 

Herein, voltage deviation has been calculated using the probabilistic models of wind 

power production and grid Thevenin impedance. An index called the significance level of 

the voltage deviation α has been developed to provide a probabilistic measure of the 

voltage quality performance. By considering the contributing factor from each of the grid 

states that constitute α, possible solution methods to improve voltage quality can be 

obtained. A case study has been included to illustrate the effectiveness of the proposed 

method.   
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Motivation 

 

The twin problems of global warming and exhaustion of fossil fuels have seen an increase 

in the usage of renewable energy, such as wind energy, solar energy and biofuel in recent 

years. Especially, wind power generation has experienced a very fast development in the 

last decade [1]. By the end of 2009, the worldwide capacity of wind power generators has 

been as large as 159.2 gigawatts [2]. Obviously, the installing capacity of wind power 

generators will continue to increase in the countries with abundant wind potential. 

Consequently, it can be expected that capacity of wind power production will be a 

significant amount of energy produced by large conventional power plants. Actually, 

several countries and regions have presented this situation. For instance, in Western 

Denmark, Schlesswig-Holstein in Germany, and Navarra in Spain, the wind power 

capacity has reached the limit which can have a significant impact on the operation of the 

connected transmission system [3]. Hence, the influence of wind turbines on the power 

quality of grid network is becoming an important issue due to the rapid increase of wind 

power penetration.   

Among all the influences caused by grid-connected wind turbine, the main impacts are 

focused on voltage profiles, energy loss, frequency control, power quality improvement 

and system restoration practices in case of faults [4]. For instance, the increased use of 

wind turbines for generating electricity makes frequency control more challenging, due to 

the intermittent nature of wind conditions. In addition, the problem of harmonized 

integration becomes even challenging as the level of wind power penetration increases. 

Not only are the voltages at various locations affected, but also the power flow, power 

system dynamics, transient stability, and reliability [5]. Denmark has been a pioneer in 

the large-scale connection of wind farms to the grid. Due to these impacts, they have to 

temporarily shut down some wind turbines especially under conditions of strong wind and 

low load demand. The purpose is to reduce the negative impacts caused by high wind 
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power penetration. However, this is not an optimal solution to deal with the increasing 

wind power production from all over the world.  

In addition, more and more stringent rules for grid connected wind turbines have been 

released by transmission system operators (TSO) in order to ensure the grid remains 

stable and reliable. According to the codes released by Energinet, E.ON, and WECC [6], 

the technical requirements have been defined with respect to frequency control, voltage 

regulation, fault ride-through ability and power quality improvements. For instance, in the 

past, wind turbines are allowed to disconnect from the connected grid system under 

conditions of system faults. However, the situation has to be changed in view of large 

wind power penetration into the transmission systems. Hence under new grid codes, wind 

turbines are required to maintain connection during grid faults in terms of system stability 

operation [7]. Moreover, wind turbines are now required to provide reactive power to 

restore grid voltage during fault conditions according to the latest grid codes in western 

European countries. Therefore, wind turbines are now generally demanded to serve as 

generation plants with high reliability and strong grid support, not unlike the conventional 

coal, oil and gas fired power plants.   

Wind generation system is basically equivalent to variable speed pump/fan drive system 

operation in regenerative mode. Hence, there would be a large amount of wind generation 

systems, which can be transferred from various drive systems. But different types of wind 

turbines would have different grid integration performances. Better integration 

performance is expected from modern turbines since power electronics are widely used 

[8]. The power electronics are able to produce better dynamic response, faster fault 

monitoring, and quicker reaction operation. Power electronics were minimally used in the 

Danish concept of wind turbine two decades ago [9]. It does not actively regulate the 

terminal voltage because of the absence of reactive power production. Thus it inherently 

exhibits poor grid support characteristics. So it is required to install additional reactive 

power equipment to meet the power grid specifications. However, there are always costs 

associated with the installation and operation of supplementary devices, which makes this 

option less attractive [10].  

Consequently, partial-scale power electronics converter was utilized in the doubly-fed 

induction generator (DFIG) based wind turbine. More than 50% of the installed turbines 
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in the last decade are of this configuration. By appropriately controlling the converters in 

this concept, it becomes possible to locally maintain the power factor or the voltage on 

the point of common coupling (PCC). However, the DFIG is very sensitive to network 

disturbances and is inadequate to satisfy with the latest ride-through requirements 

imposed by grid operators, especially during severe grid fault events [11] occurring near 

the turbines. In order to meet fault ride-through requirements, it is needed to explore 

feasible and efficient solutions to enhance the ride-through ability of this kind of turbine, 

and to keep these turbines connected to the grid utilities.  

Compared to DFIG, full scale power electronics converter based wind generators such as 

those using permanent magnet synchronous generators (PMSG), exhibit superior ride-

through and grid support performances. According to predictions by the Danish wind 

consultation company MAKE, the PMSG will be the mainstream turbine generator in 

most new installations in the next decade (barring any unexpected upsurge in the price of 

permanent magnetic materials). In the PMSG configuration, the power electronics play 

the crucial function of power interface and buffer to bridge the PMSG and the utility. 

Hence, to seek more efficient and robust power electronics converters would be one of the 

potential research topics for the development of the modern grid compatible wind 

turbines.  

Regardless of DFIG or PMSG, wind power capacity will have a significant percentage of 

the worldwide electricity demand in the next decade, especially in western European 

countries [12]. Consequently, wind power will affect on the operation of utility in terms 

of voltage regulation, frequency control and so on. Hence, there is a need to devise 

reliable method(s) to accurately quantify the impacts so that the most appropriate and 

economical solution to mitigate the impacts can be obtained.  

Bearing all these in mind, wind turbine will be required to have capabilities of 

maintaining good voltage control, frequency regulation, reactive power support, and fault 

ride-through ability. So it would be timely to develop a reliable wind generation system 

with improved grid connection characteristics and integration performances. It should 

also efficiently reduce ancillary impacts of large wind power penetration in order to 

enhance operation reliability of wind energy connected grid utilities. This research is 

motivated by the quest for enhancing grid integration of the existed turbine configurations 
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especially in their ride-through capability, investigating efficient and reliable modern 

wind turbine architecture, modeling challenges of grid impacts caused by increasing wind 

power penetration, and thereby analyzing feasible operation and improvement for wind 

turbines to confront the aforementioned negative impacts.  

 

1.2 Objectives 

 

The objectives of this research project are listed below: 

Objective 1: Fault ride-through enhancement of the DFIG based wind turbine 

It is well-known that the DFIG is sensitive to network disturbances, especially severe grid 

faults. The crowbar technology is usually utilized to help ride through grid faults in the 

conventional DFIG turbine. The new more stringent grid codes not only require the 

generators to ride through faults, but also demand the generators to provide reactive 

current during faults. However, if the crowbar is activated, the generator is out of control, 

which in turn, is impossible to control the reactive current. Hence, the conventional 

crowbar solution will not be able to satisfy the latest grid requirements. To develop 

advanced ride-through technology is one of the potential research topics to improve grid 

integration performance of DFIG.  

The main objective of this research is to enhance the ride-through ability of DFIG based 

wind turbines since a large number of this kind of turbine has been installed in the past.  

Objective 2: Design of a robust power architecture for PMSG based wind turbine 

Compared to DFIG, the PMSG based wind turbine has better grid integration 

performance since full-scale power electronics converter is utilized. An AC-DC-AC 

converter, named as back-to-back converter is usually used to bridge the AC generator 

and the AC network. However, the disadvantage of this converter is the high risk of 

bridge shoot-through besides a high number of switching devices. Moreover, the risk of 

shoot-through phenomenon may be increasing rapidly along with the increase of power 

ratings. Hence, it is necessary to develop a power electronics architecture which can serve 

as a reliable power interface between PMSG and grid utility. The control scheme for the 
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developed topology will also need to be developed with the concern of wind power 

characteristic to obtain maximum power point tracking (MPPT). The dynamic control 

behavior should be studied in order to verify the feasibility of this architecture for PMSG.  

The main objective of this research is to develop a reliable power architecture and thereby 

develop the generator control and grid integration scheme for the PMSG turbine.  

Objective 3: Development of voltage quality assessment method for grids with wind 

power penetration 

Regardless of DFIG or PMSG, wind power generation will meet a significant percentage 

of the worldwide electricity demand in the next decade. Large wind power injection is 

able to affect the connected power transmission system. The main impacts are voltage 

profile, frequency regulation and system stability. It is necessary to analyze the essential 

causes of these issues. Modeling and analysis of these impacts can help to propose 

potential methods for alleviating/mitigating the corresponding impacts.  

Hence, the main objective of this research is to devise reliable methods, which can 

quantify accurately the impacts of the characteristics of wind farm, transmission network 

and grid topology. From the analysis of the derived methods, they can be helpful to guide 

design and planning of modern wind farms and thereby make wind turbines satisfy with 

stringent grid regulations.  

 

1.3 Major contributions of the thesis 

 

The major contributions documented in this thesis are given below.  

1. A feasible ride-through enhancement of DFIG based wind turbine 

The proposed ride-through solution is inspired by power quality improvement devices, 

i.e., series compensator. The compensator is in series with the stator windings of DFIG in 

order to reinforce the fault ride-through capability. Firstly the control fundamentals of the 

conventional DFIG have been reviewed and thereby the essential behavior of DFIG under 

grid faults has been analyzed in detail via system phasor diagram. Then the general 

control scheme for the series compensator is provided. Furthermore, an improved control 
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scheme based on ramp-function injection voltage has been developed to significantly 

reduce the energy capacity of series compensator, which in turn reduce the capital cost. 

The performance of the designed architecture has been verified in simulation.  

2. Modulation, analysis and verification of three-switch rectifier based Z-Source inverter 

for full power converter in WTG applications 

The operating principle of an integration of a three-switch buck-type rectifier and a Z-

Source inverter has been investigated and the related modulation strategy has been given. 

The equivalent circuit analysis of the proposed converter is given for an in-depth 

understanding of its essential behavior. The simulation studies and experimental results 

have verified the buck-boost characteristic of the developed converter. All these studies 

are desired to integrate the developed converter for full power converter based wind 

turbine application, such as those based on PMSG.  

3. Design of a robust PMSG wind turbine based on three-switch rectifier based Z-Source 

inverter topology 

The design methodology, the simulation studies, and the experimental verification of the 

integrated generator-side buck-type rectifier and grid-side Z-Source inverter based PMSG 

wind generation system have been presented. Based on the developed modulation scheme 

of the integrated topology, the generator-side control strategy has been proposed, which is 

optimized from the fundamentals of the Id=0 control and unity power factor method. The 

voltage-oriented control has been adapted for the Z-Source inverter to decouple active 

and reactive power control while extracting the maximum wind power by adjusting the 

shoot-through duration of the Z-Source network.  

4. A voltage quality assessment method for grids with wind power penetration has been 

proposed in this thesis  

A statistics-based analysis method has been proposed for the purpose of assessing the 

impact on voltage quality caused by wind power generation. Voltage deviation has been 

computed using the probabilistic models of wind power production and grid Thevenin 

impedance. An index called significance level of the voltage deviation α has been 

developed to provide a probabilistic measure of the voltage quality performance. By 

considering the contributing factor from each of the grid states that constitute α, possible 
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solution methods to improve voltage quality can be obtained. A case study example has 

been included to illustrate the effectiveness of the proposed method.  

 

1.4 Organization of the thesis 

 

Given below is a brief introduction of what is covered in each chapter: 

Chapter 1 presents the objectives and contributions of this research after describing the 

motivation of our work. The organization of this thesis then follows. 

Chapter 2 gives the literature review of worldwide wind power market, wind turbine 

configurations, corresponding grid connection requirements and potential challenges of 

wind power technology. The turbine configurations are described in terms of different 

generators and the main grid connection demands are then considered in terms of safety 

operation of transmission systems. The challenges of wind power technology provided a 

guide to define the research objectives.  

Chapter 3 proposes a potential ride-through solution for the DFIG to deal with grid faults. 

A compensation device is in series with the stator windings of DFIG in order to reinforce 

the fault ride-through capability. The improved ride-through control scheme for the DFIG 

and series compensation is developed to reduce the energy capacity of the series 

compensator. The performance of the designed architecture is verified in simulation.  

Chapter 4 describes complete modulation principle of an integration of a three-switch 

buck-type rectifier and a Z-Source inverter. The equivalent circuit analysis is given as 

well. The simulation studies and experimental results have verified the modulation of the 

developed topology. The developed topology is suitable to apply in the full power 

converter based wind turbines, such as those based on PMSG.  

Chapter 5 introduces a robust PMSG wind turbine based on the aforementioned converter 

topology described in Chapter 4. The proposed generator-side control strategy of the 

generator-side converter is optimized from the fundamentals of the Id=0 control and unity 

power factor method. The voltage-oriented control of the grid-side converter is adapted to 
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decouple active and reactive power control. The simulation and experimental results have 

verified the proposed wind generation system. 

Chapter 6 presents the modeling approach for the voltage impact caused by high wind 

power penetration. A probabilistic method is used to analyze the voltage issue with the 

consideration of wind uncertainty and reliability of elements in the transmission system. It 

provides a way to quantify the severity of voltage impacts caused by wind power 

injection. A case study has been carried out and described in this chapter. 

Chapter 7 provides the concluding remarks of this thesis together with the 

recommendations for future research.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

 

Nowadays, wind energy is a major renewable energy source to integrate into the grid. The 

worldwide total installed wind turbine capacity is up to 160 gigawatt at the end of 2009 

when the global financial and economical crisis started. However, the crisis seemed to 

have no negative impact on the general development of the wind sector worldwide. Many 

governments sent clear signals that they wanted to accelerate wind deployment in their 

countries and indicated that investment in wind and other renewable technologies is an 

answer to the financial crisis as well as to the still ongoing energy crisis.  

Along with the increasing wind power penetration into grid, the interconnection 

requirements for grid connected wind farms are generally formulated in order to maintain 

the operation performance of the connected power utilities. In the past, there is little need 

to consider impacts caused by wind power penetration due its low percentage of the total 

network capacity. However, the related impacts will be becoming very serious due to 

rapid increasing wind power penetration into grid without auxiliary solutions.  

In this chapter, wind energy technology will be reviewed in terms of various types of 

generators and the related power electronics. Then grid regulations for grid-connected 

turbines are reviewed with the aim to address the potential challenges for exciting wind 

turbines. Consequently, the potential research directions and contents of the following 

chapters can be clarified based on the detailed review of the current solutions for these 

challenges.  

 

2.2 Wind market development 

 

In spite of the global economic crisis, the wind capacity worldwide at the end of 2009 

reached 159.2 GW after attaining 120.9 GW in 2008. Figure 2.1 illustrates the worldwide 
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wind power capacity during the last decade from the World Wind Energy Association 

(WWEA) [13]. The projected wind capacity at the end of 2010 will be up to 203.5 GW. 

The strong increase of wind capacity means wind based renewable energy has been paid 

much attention all over the world. In fact, they have recognized that wind energy is an 

important alternative to address the environment and climate change issues, which seem 

to be more and more serious in the recent years.  

 

Fig.2.1  World total installed wind power capacity 

 

Fig.2.2  Country share of total capacity in 2009 

From the WWEA, Figure 2.2 shows the country share of the wind capacity in 2009 [13]. 

Many western countries, such as United States, Germany and Spain, have major 

percentage of the worldwide wind capacity. However, in the recent years, especially in 

2009, the wind industry has achieved significant development in the Asian countries, such 



Chapter 2  Literature Review 

11 

as China and India. At the end of 2009, China became the second largest country behind 

the United States to utilize wind energy. The total wind capacity of China and India have 

attained more than one fourth of the world total capacity. Hence, it can be expected that 

the wind industry in Asia will continue to grow rapidly in the next decade along with the 

strong economy of those countries.  

Figure 2.3 shows the total installed wind capacity in 1997-2020. As predicted by the 

WWEA, the total installed wind capacity at the end of the next decade will reach 1,900 

GW, which has a significant increase compared to the current capacity. Although wind 

capacity is only 2% of the worldwide electricity demand in 2010, the percentage will be 

increased rapidly in the next several years. In some European countries, the wind capacity 

has already reached more than 10% of the domestic electricity demand at the end of 2010. 

For instance, the wind capacity in Denmark has reached the point where it can have a 

significant impact on the operation characteristics of the transmission system. The 

situation would be much more serious when high wind conditions where 100% of the 

wind power may be generated under relative low load condition. In addition, similar 

situation would be met in India because of its relatively weak power grids. The wind 

power penetration attains levels high enough to affect the power quality and stability of 

the grids.  

 
(Year)

2010 20201997
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Fig.2.3  Projected total installed wind capacity 1997-2020 

Consequently, the countries with the high wind capacity percentage have been much 

earlier to consider the grid connection issues than other countries. For instance, Denmark, 

Germany and Spain are three countries that have established their respective grid codes to 
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regulate the wind power penetration into the transmission network. Hence, the various 

codes for grid connection of wind turbines should be investigated in order to advance the 

development of wind conversion system. It is worthy to point out that the operation 

performances of different configurations of wind turbines directly affect the operation of 

the connected power transmission system. Hence, it is necessary to review the advances 

in wind turbine technology, which will be presented in the next section.  

 

2.3 The advances in wind turbine technology 

 

In recent 2 decades, generation capacity of wind turbines has increased from tens‟ 

kilowatts to more than 3 MW, while even larger wind turbines are being designed [14]. 

Furthermore, a number of different generator concepts have been developed and tested. 

For the electrical system of wind turbines, some manufacturers have started to use 

asynchronous generator with wound rotor in their wind turbine design, while others have 

replaced the conventional induction generator by a synchronous generator. This 

development has introduced the use of power electronics as an interface in their design 

and led to the variable speed wind turbine. This is designed to pursue maximum 

aerodynamic efficiency over a wide range of wind speed, to reduce the mechanical stress 

in the gearbox and to improve the controllability of the active and reactive power which is 

growing in importance for integrating wind power into grid utility.   
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Fig.2.4  A fundamental wind turbine configuration 

A fundamental configuration of wind energy conversion system is shown in Fig.2.4. The 

whole wind system can be divided into mechanical and electrical parts. The mechanical 

part is used to transform wind energy into the rotating mechanical energy. The 

mechanical power is converted to electrical energy by generators in the electrical part. 
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There are many kinds of generators which can be applied in the wind system, such as DC 

generator, permanent magnet synchronous generator, multi-pole synchronous machine, 

and induction machine. Reasonably, the variable speed wind turbine has a lot of 

advantages over the fixed ones in terms of wind power capture efficiency, reducing 

mechanical stress of gearbox, and so on. So wind turbine can be designed to generate 

electricity as much as possible based on variable speed conversion concept.  

The characteristic of wind turbine can be adapted to estimate power transferred efficiency 

from wind power into the rotating mechanical power. The most commonly used wind 

turbine configurations can be categorized into the following concepts: fixed speed wind 

turbine, partial-variable speed wind turbine, and variable speed wind turbine. The main 

differences between these designs concern the generating system and wind energy 

captured efficiency in relation to generator rotor speed. The detail will be discussed in the 

next sections.  

 

2.3.1 Fixed rotor speed wind turbine 

 

The fixed speed wind turbine has the advantage of being simple, robust and reliable, and 

easy to maintain. Traditionally, the constant speed wind turbines were coupled to squirrel 

cage induction generator (SCIG) or wound-field synchronous generator. This 

configuration also known as the Danish concept that was very popular in 1980‟s [15]. In 

the fixed speed wind turbines, the generator is directly connected to the grid. The 

frequency of the grid determines the rotational speed of the generator rotor. Generally, the 

generator speed depends on the number of pole pairs and the frequency of the grid. 

Consequently, the wind turbine is the fixed speed controlled machine with asynchronous 

cage induction generator directly connected to the grid via a transformer as shown in 

Fig.2.5.  
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Fig.2.5  Fixed speed wind turbine with squirrel cage induction generator  
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In this configuration, a reactive power compensator is required to reduce (or even 

eliminate) the reactive power demand from generator to the grid. Normally it is realized 

by continuously switching capacitor banks following the production levels (5-25 steps). 

Additional, a soft starter is incorporated in order to smooth grid connection and reduce 

inrush current (as high as 5-7 times of rating current). The asynchronous generator 

„naturally‟ limits power production in strong wind or gusts. It restricts the speed of the 

system to the frequency of the power grid, so that the rotor cannot turn faster when the 

wind blows stronger.  

Recently, another fixed speed concept based on permanent magnet synchronous generator  

(PMSG) was proposed in [16] as shown in Fig.2.6. This configuration comprises a grid 

connected permanent magnet synchronous generator and a 20% rated series converter 

located in its star point. The main function of the series converter is the active damping of 

the generator. The low cost characteristic is still achieved since the partial rated converter 

is utilized. However, this configuration is still fixed speed operating turbine, which is 

impossible to track maximum point of wind power.  

PMSG

Gearbox

Grid

 

Fig.2.6  Fixed speed turbine configuration with permanent magnet synchronous generator 

The available power control for this kind of turbine can be achieved by stall control, 

active stall control or pitch control. For stall control, the rotor blades are designed to 

create turbulence when above a certain wind velocity, preventing the lift from 

accelerating rotation any further even though the blades are themselves not pitched. In the 

active stall control, the pitch angle of the rotor blades can also be changed to create 

turbulence. In the concept of the pitch control, electronics and hydraulics are used to 

continuously adjust the pitch of each blade. This reduces the lift, so that the rotor 

continues to generate power at nominal capacity even at high wind speeds. 



Chapter 2  Literature Review 

15 

There are some challenges for this kind of wind turbine. First of all, as the wind power 

fluctuations happen, it is inevitable to affect turbine mechanical torque fluctuations and 

further into electrical power fluctuations. These can cause voltage fluctuations with the 

connection of a weak grid. The unbalance between reactive power demand of generator 

and the reactive power of capacitance banks would result in the corresponding voltage 

fluctuations. On the other hand, the mechanical torque fluctuations would increase the 

mechanical stress of mechanical devices. It may require a stronger mechanical 

construction to absorb high mechanical stress. A mechanical stress calculation method for 

the fixed speed wind turbine was reported in [17].  

 

2.3.2 Partial variable speed wind turbine 
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Fig.2.7  Wind turbine configuration with variable rotor resistances 

The system diagram of the partial variable speed wind turbine is shown in Fig.2.7. In fact, 

this configuration is developed based on the fixed speed wind turbine with the purpose of 

expanding the operation performance. In the partial variable speed wind turbines, the 

effective rotor resistance of wound rotor induction generator can be varied instantly using 

fast power electronics. So far, the company Vestas alone has succeeded in 

commercializing this wind turbine system under the trade mark of Optislip. A number of 

turbines, ranging from 600 kW to 3 MW, have been developed under this configuration, 

which allows transient rotor speed increases of up to 10% of the nominal value. In this 

design, the variable speed technology is realized by dissipating the energy with external 

rotor side resistors as shown in Fig.2.7. Since the efficiency of the system decreases as the 

slip increases, the speed control is limited to a relatively narrow margin. The 

aforementioned stall control, active stall control or pitch control can be adapted in the 

power control of this kind of wind turbine. 
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2.3.3 Variable speed wind turbine 

 

In order to overcome the drawbacks of fixed speed wind turbine, variable speed wind 

turbine based on power electronics can be made to run at desired speed, so that wind 

turbine can be operated efficiently at a wide range of wind speeds. In variable speed wind 

turbines, there are several possible combinations of power electronics topologies and 

machine types for application, such as doubly fed induction machine including wound 

rotor induction machine with partial-scale power converter, permanent magnet generator 

with full-scale power converter, synchronous generator with full-scale power converter, 

cage rotor induction generator with full-scale power converter. In addition, some special 

machines can be applied in wind generation systems as well [18, 19]. A review of these 

combinations is given here.  

 

2.4 Review on types of generator machines 

 

2.4.1 Doubly fed induction generator type 
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Fig.2.8  Wind turbine configuration based on DFIG 

The DFIG based variable speed wind turbine has been investigated by R. Pena [20] in 

terms of generator-side stator flux orientation, grid-side voltage orientation and maximum 

power point tracking. Figure 2.8 shows the system diagram of DFIG based variable speed 

wind turbine. The generator stator is connected directly to the utility grid via an isolated 

transformer. The generator rotor is connected to a back-to-back converter, where the 
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rotor-side converter is used to control the rotor current of the generator and the grid-side 

converter is utilized to control the DC-link voltage and its grid-side power factor. Only 

slip power is processed by the power electronics converter since the control of the DFIG 

is tied to the rotor windings, where the purpose of the converter is to synchronize the rotor 

current with respect to the stator reference of the DFIG. Hence, the smaller the slip speed 

range the smaller is the power electronics converter, which in turn, to reduce the capital 

cost of wind turbines. This is one of the significant advantages of the DFIG based wind 

turbine.  

Another advantage using DFIG is the ability to output more than its rated power without 

becoming overheated. It is able to transfer maximum power over a wind speed range in 

both sub- and super-synchronous speed. Hence, the DFIG as wind turbine generator is 

suitable for high power application in the MW level.  

Field orientation control can be utilized to control the DFIG. Reference [21] applied a 

control method using a rotating reference frame fixed on the gap flux of the DFIG and 

thereby independently control the active and reactive power of DFIG. The estimation 

method of the gap flux included built-in machine flux sensor and mathematic calculation 

along with rotor and stator parameters. Consequently, the control performance of this 

method is very sensitive to the real-time estimation of the gap flux. 

To address this problem, a stator-flux vector orientation of the DFIG was introduced in 

[20]. All the calculation equations would be transferred to the stator side flux. The torque 

equation would be simple with least coupling variables. The flux expressions would be 

decided by only one variable in order to simplify the calculation of the corresponding flux. 

A decoupled control between the electrical torque and the rotor excitation current would 

be easy to obtain. Furthermore, an indirect stator-flux orientation strategy had been 

reported in [22]. It was demonstrated that conditions of stator flux field orientation and 

line voltage orientation are equivalent if the stator side power factor is controlled at unity 

level. Under such a condition, the stator flux modulus is not a free output variable, but 

rather it was a function of the produced electromagnetic torque. The torque tracking was 

then extended to the speed tracking problem in the presence of an unknown constant load 

torque, using a passivity-based approach.  
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The operation speed range of the DFIG based turbine is much wider than that of the 

aforementioned Optislip concept. Most importantly, the efficiency of the DFIG concept is 

much higher than that of Optislip since the Optislip design needs to burn off some energy 

in the rotor-side resistors. However, its main disadvantages are the application of slip 

rings and the protection issues under grid faults, which will be addressed later.   

 

2.4.2 Permanent magnet synchronous generator type  

 

The permanent magnet synchronous generators (PMSG) based variable speed wind 

turbines were first designed for smaller scale application due to the limited permanent 

magnet excitation and the cost of power electronics converter [23-25]. The fundamental 

configuration of variable speed wind turbine with PMSG is shown in Fig. 2.9. This 

concept has a high power density characteristic. Herein a boost chopper is used to control 

the PMSG and the grid-side inverter is utilized to service as the grid interface [23-25]. In 

[23], the duty ratio of chopper converter would affect the modulation ratio of the inverter. 

The optimal duty ratio was characterized by deriving the equivalent circuit of the whole 

system.  

This system possesses several merits such as simple construction and low cost. However, 

it lacks control capability over the generator power factor, which reduces generator 

efficiency. Additionally, high harmonic current distortions in the generator windings 

further degrade efficiency and produce torque oscillations, which can increase the cost of 

mechanical components, i.e., gearbox.  
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Fig.2.9  PMSG wind turbine with DC chopper 

Along with the advance of power electronics, MW-level converter is acceptable for the 

wind turbine manufacturers. The PMSG was controlled by a fully controllable back-to-
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back frequency converter as a configuration of wind generation system [26]. Figure 2.10 

shows the system diagram of this PMSG concept. The full scale power converter included 

a pulse width modulation (PWM) rectifier, an intermediate DC circuit, and a PWM 

inverter. The generator is controlled to obtain maximum power from the intermittent wind 

with maximum efficiency via field oriented control of PMSG. At the same time, the 

voltage oriented control of the grid-side inverter allows power factor regulation of the 

wind turbine. So far, many wind turbine manufacturers, such as GE Wind and Vestas 

have announced their commercial PMSG based turbines are available at a power rating up 

to 3 MW. The significant advantage of the PMSG based turbine is its good performance 

to deal with grid disturbances compared with the aforementioned DFIG wind turbines.  
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Fig.2.10  PMSG wind turbine with back-to-back converter 

 

2.4.3 Synchronous generator type  
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Fig.2.11  Wind turbine configuration with synchronous generator 

The commercial wind turbines based on synchronous generator are the products from the 

Germany wind turbine manufacturer ENERCON. The main configuration with the 

synchronous generator is illustrated in Fig.2.11. The difference between synchronous 
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generator and PMSG is the type of excitation. Since there is an independent excited 

circuit in synchronous generator, the terminal voltage of the generator can be regulated as 

desired. This generator is suitable to apply in large scale wind turbine.  

The control principle of the synchronous generator would be similar to that of the 

permanent magnet generator except for an extra excitation circuit. The grid-side inverter 

allowed the control of active power and reactive power respectively. The generator-side 

rectifier is used for electromagnetic torque regulation [27]. In addition, the full-scale 

power converter to the grid enables the system to control active power and reactive power 

very fast, which in turn, to have a good grid connection characteristic. However, it is 

inevitable to increase the whole cost of wind turbine system according to the full scale 

power electronics converter, compared to the DFIG wind turbine.  

In this concept, the turbine main rotor is coupled to the generator input shaft, eliminating 

the need for a gearbox, and the reliability can be improved compared with the geared 

turbines since the mechanical gearbox is the main component reducing the system 

reliability. In fact, the faults of the mechanical gearbox in the turbines are the most critical 

from the fault survey in Sweden during 1997~2005 [28], because the downtime per 

failure of the gearbox is high compared to the other components. Hence, the gearless 

operation is the significant advantage of this turbine. In addition, the direct-drive 

generator has reduced the overall size, has lower maintenance cost, has a flexible control 

method and quick response to wind fluctuations, and load variation [9] as compared to a 

conventional gearbox-coupled wind turbine generator.  

However, the generator has to have many pole pairs in order to generate power at such a 

low rotation speed, which in turn, increase the size and expense of the generator. So far, 

this turbine configuration would be most expensive among all the available wind turbine 

configurations. However, synchronous generator including PMSG is the only type to 

implement gearless operation among the excited wind turbine generators since it is easy 

to realize multiple poles design.  

 

2.4.4 Squirrel cage induction generator type  
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In conventional method, the squirrel cage induction generator has been used in the fixed 

speed wind turbine which was investigated in Section 2.3.1. Along with the development 

of power semiconductor and electronics, variable speed wind turbine based on squirrel 

cage induction generator (SCIG) has been proposed as shown in Fig.2.12. In [29], a 

complete simulation study of a variable speed wind turbine system based on the SCIG 

and a double side PWM converter was described. The double side pulse width modulation 

(PWM) converter directly advance the realization of SCIG based wind turbine in spite of 

additional cost of power electronic and control.  

Gen
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Back-back
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InverterRectifier
 

Fig.2.12  Variable speed turbine with squirrel cage induction generator 

The full scale converter has to be dimensioned for the maximum power of the turbine. 

However it is very expensive compared to the aforementioned configuration in Section 

2.3.1. Additional, the converter efficiency would affect the entire system performance and 

has to be very high over the full power range to guarantee a certain performance. This 

would be another challenge.   
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Fig.2.13  Squirrel cage induction generator based turbine with simple power converter 
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In [30-32], the full scale back-to-back converter was replaced by a number of capacitance 

banks and relative low rating reactive power compensator. The corresponding scheme of 

this configuration is depicted in Fig.2.13. An algorithm was used to optimize the demand 

of capacitance capacity in order to provide enough reactive power for excitation. The 

interaction control between capacitance banks and reactive power compensator was 

developed to satisfy variable speed operation characteristics of wind turbine.  

 

2.4.5 Switched reluctance generator type  
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Fig.2.14  Wind turbine configuration with switched reluctance generator 

Switched reluctance generator (SRG) has several attributes which make it ideally suited 

for wind energy schemes [33]. The system diagram is shown in Fig. 2.14. It includes 

extreme robustness, high efficiency of energy conversion, ability to work over very large 

speed ranges and control simplicity.  

The detailed control strategies of the switched reluctance generator were presented to 

control the wind power production in [34]. Two converters would be assigned to control 

generator- and grid-side power factor, respectively. The function of grid-side converter in 

this scheme would be similar to other types of generators, such as, induction generators, 

synchronous generator [35]. The maximum power point tracking method was present in 

[36] by introducing the magnetization curve of the switched reluctance machine.  

 

2.4.6 Summary of the wind power configurations  
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In the past decades, the wind turbine technology has experienced advancement from the 

Danish concept, the DFIG design, to the latest synchronous generator turbine especially 

the PMSG concept. The Danish wind consultation company MAKE predicts the PMSG 

wind turbine will be the next dominant product in the world wind market barring any 

unexpected upsurge in the price of permanent magnet materials. In order to clarify the 

respective characteristics, this section presents the comparison of the aforementioned 

turbine architectures on the basis of major hardware components required, operation 

region, and energy output.  

Table 2.1  Characteristics summary of wind turbine configurations 

Turbine type 
Fixed 

speed 

Partial 

variable 

speed 

Variable speed 

Generator SCIG WRIG PMSG SG SCIG DFIG SRG 

Active power 

control 
Limited Limited Yes Yes Yes Yes Yes 

Reactive 

power control 
No No Yes Yes Yes Yes Yes 

Blade control Stall/Pitch Pitch Pitch Pitch Pitch Pitch Pitch 

Converter 

rating 
No Small Full scale Full scale Full scale 

Partial 

scale 
Full scale 

Drive type Gear box Gear box 
Gear/ 

Gearless 
Gearless Gear box Gear box Gear box 

Speed range Fixed Limited Wide Wide  Wide Wide Wide 

Transmission 

type 
HVAC HVAC 

HVAC/HV

DC 

HVAC/ 

HVDC 

HVAC/ 

HVDC 
HVAC 

HVAC/ 

HVDC 

Grid fault 

robustness 
Weak Weak Strong  Strong Strong Weak Strong 

Power transfer 

efficiency 
Lower  Low  High High High High High  

Control 

complexity 
Simple Simple Mid Complex Complex Complex Mid 

Generator cost Cheap Cheap Expensive Expensive Cheap Cheap Cheap 

Converter cost No Cheaper Expensive Expensive Expensive Cheap Expensive 

Weight Light Light Light Heavy Light Light Light 

Maintenance Easier Easier Easy Easy Easy Difficult Easy 
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In [37], several different generator systems for wind turbines, namely the DFIG with three 

stage gearbox, the direct drive synchronous generator, the direct drive PMSG, and the 

DFIG with single stage gearbox, are presented to compare, based on cost and annual 

energy yield for a given wind climate. The DFIG with three stage gearbox is the cheapest 

solution because of standard components. Paper [38] compared the three main wind 

turbine types: fixed speed induction turbine, DFIG turbine and PMSG with full scale 

power converter in terms of the corresponding requirements for conventional power plant, 

such as power factor control, reactive power regulation, stability improvement and so on.  

As consideration of these characteristics, a summary of wind turbines configurations is 

shown in Table 2.1. Each operation performance is presented in order to clarify the 

corresponding characteristics.  

 

2.5 Grid regulation for wind turbines/plants 

 

In the early years of commercial wind power, wind energy was only a small percent of 

total grid capacity. Also, wind turbines were normally connected at the medium-voltage 

level collections. Thus there was no need for special sets of rules to regulate operation. 

Like other distributed power generators, wind turbines were merely expected to be neutral 

players. In other words, it is not required to consume or produce much reactive power and 

allow switching off wind turbines as quickly as possible if there are any problems in 

networks, such as, short circuit, voltage swells or sags, or deviation in frequency.  

However, the share of wind power in individual grids grew rapidly in the recent years, 

and thereby wind power currently made up a large amount of electricity demand in some 

regions during strong wind seasons. As the size of wind farms increased, their 

connections to high-voltage and extra high-voltage grids will became more common. For 

instance, some offshore wind farms will be planned to connect at these levels. In addition, 

sparsely populated areas generally do not have strong grid utilities, although a lot of wind 

power may be available in such areas.  

Hence, manufacturers of wind turbines and grid operators face technical challenges of 

grid compatible turbines. For the past few years, they have been working with research 

institutes to develop new control systems for wind turbines in order to come up with more 
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and more stringent rules for grid connected wind turbines. According to the codes 

released by Energinet, E.On Netz (E.ON), Western Electricity Coordinating Council 

(WECC) [6], the technical requirements have been defined for the grid connected wind 

turbines. The common requirements in most of grid codes can be classified into the 

following issues: ride-through ability of wind turbine, control of voltage and reactive 

power, active power and frequency regulation, and power quality issues. The 

aforementioned four issues will be investigated in the following sections.  

 

2.5.1 Ride-through ability of wind turbine 

 

There is ambition to integrate a large amount of wind power into grid and to increase the 

share of energy consumption that is produced by wind turbines. The disconnection of 

wind turbines after a fault in the network may provoke the loss of the load. Especially, 

this could be extremely dangerous where there is a large concentration of wind power 

system close to the fault point. Hence, the interaction between the grid and  the turbine 

becomes increasingly important in the power system safety operation [4]. This can be 

understood as follows. When all wind turbines would be disconnected in case of a grid 

failure, these wind turbine generators will, unlike conventional power plants, not be able 

to support the voltage and the frequency of the grid during and immediately following the 

grid failure. This would cause major problems for the systems stability. Hence, it is 

worldwide recognized that the turbines should remain connected to the grid in case of a 

failure in order to enable large-scale application of wind energy without compromising 

system stability. They should supply active and reactive power for frequency and voltage 

support immediately after the fault has been cleared, which is normally within a fraction 

of a second. 

Due to this requirement, system operators in many countries have recently established 

transmission and distribution system grid codes that specify the range of voltage 

conditions for which wind turbines must remain connected to the power system. These 

are commonly referred to as the fault ride-through specifications.  

In July 2004, the wind-farm transmission grid code was released in the Republic of 

Ireland. The fault ride-through requirements for wind turbines connected to the Irish 
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transmission system are specified in [39]. A wind farm shall remain connected to the 

transmission system for transmission system during voltage dips on any or all phases, 

where the transmission system voltage measured at the high voltage terminals of the grid 

connected transformer should be within the voltage requirements. Additionally, in 

Northern Germany, where the concentration of wind turbines is high, the grid operator 

(E.On, Netz) has already set requirements for the behavior of wind turbines. Instead of 

disconnecting them from the grid, the turbines should be able to follow the characteristic 

shown in Fig.2.15. Only when the grid voltage goes below the curve (in duration or 

voltage level), the turbine is allowed to disconnect. Otherwise, when the voltage is above 

the curve, the turbine should supply reactive power.  
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Fig.2.15  Typical fault ride-through requirement of wind farm 

 

Fig.2.16  More stringent fault ride-through requirements of wind farm 
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Most recently, the E.ON has updated its grid code for wind farm ride through requirement 

as illustrated in Fig.2.16 since the rapid increase of wind power penetration. Three-phase 

balanced faults should not lead to the disconnection of the wind turbines from the grid 

above the red solid line (limit line 2) shown in Fig.2.16. Below the limit line 2, the turbine 

is allowed to disconnect from the grid. From Fig.2.16, the grid operators have demanded 

wind turbine capable to ride through zero voltage within several hundred milliseconds. 

Active power output must resume immediately following fault clearing and be increased 

with a gradient of at least 20% of the rated power per second. The active power increase 

can take place at 5% of the rated power per second within the area between the red dot 

(limit line 1) and solid lines (limit line 2). Moreover, the additional reactive current has to 

be supplied by the generating plant during a voltage dip to support the grid voltage. The 

reactive current is proportional to the severity of voltage sags. The purpose of injecting 

reactive current is to assist the grid on recovering its rated voltage.  

 

2.5.2 Control of voltage and reactive power 

 

Wind farms are often installed in remote areas and therefore reactive power has to be 

transported over long distances resulting in power losses. Recent grid codes demand from 

wind farms to provide reactive output regulation in response to power system voltage 

variations, as for the conventional power plants. Hence, reactive power control is 

important for wind farms and network. Since the reactive power injection to the network 

is dependent on the network short-circuit capacity and impedance, the requirements of 

reactive power control are related to the network characteristics.  
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Fig.2.17  Single line diagram of a grid connected wind generation system 

To explain the importance of the reactive power control, a simplified power system model 

with a generator at the sending end, a power transmission line and a grid-side bus named 
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point of common coupling (PCC) at the receiving end are shown in Fig. 2.17. Let E and V 

be the voltage at the sending and receiving end, respectively. The power line has a 

resistance R and a reactance X. P and Q are the transmitted active and reactive power at 

the receiving end. The voltage deviation between the sending end and the receiving end is 

E

XQRP

E

jQP
jXRVEV





 ))((                            (2.1) 

In most network, RX   and hence, 

VQ                                                      (2.2) 

From (2.2), the magnitude of the voltage deviation is controlled by the reactive power 

exchange. The reactive power flow between the generation and the load in the power 

system must be balanced in order to avoid large voltage excursion.  

When a fault happens, there is a voltage drop along the network circuit proportional to 

fault current and to distance from the substation. Wind farms are usually located in 

remote locations, the distance to the substation may be very long and the connection may 

be radial. In this case the impedance is often quite large and thereby the voltage drop is 

significant. However, the regulator in the substation may not be able to recover the 

voltage at the connection of the wind farm without exceeding its voltage limits. Therefore, 

voltage control capability of the wind farm is very useful to keep the voltage profile along 

the system.  

Voltage regulation and reactive power control are fundamentals in the distribution of 

electric energy. As depicted in (2.2), the voltage deviation across a transmission line 

determines the reactive power flow in the line or vice versa. Thus, for a given active 

power output, the conventional generator‟s Automatic Voltage Regulator (AVR) is used 

to determine its terminal voltage magnitude in order to supply or absorb to the 

transmission system the desired amount of reactive power. A mismatch between the 

supply and demand of reactive power results in a change in the system voltage. For 

instance, if the supply of lagging reactive power is less than the demand, a decrease in the 

system voltage results. Otherwise, if the supply of lagging reactive power is more than the 

demand, there is an increase in system voltage. There are stringent requirements on the 
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extent to which the system voltage can be allowed to deviate from its nominal values [40] 

( 10 % for low voltage networks and 5 % for medium or high voltage networks).  
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Fig.2.18  Power factor requirement for wind farm integrated to grid 

Some codes prescribe that the transmission system operator may define a set-point value 

for voltage or power factor or reactive power at the wind farm‟s connection point. Since 

there are strict requirements on the extent to which the system voltage can be allowed to 

deviate from its nominal values, several countries have already clarified these issues in 

their grid codes [41]. For instance, E.ON interconnection agreements require wind farm 

operator to maintain power factor (PF) between 0.95 leading and 0.95 lagging [40] which 

is presented in Fig.2.18. When the generating unit is providing low active power, the 

power factor may deviate from unity because it can support additional leading or lagging 

currents due to the reactive power demanded by the utility. When the generating unit is 

working under the nominal condition, the power factor must be kept close to unity 

otherwise there will be excessive currents. On the other hand, as the reactive power is 

locally generated and consumed locally, the current through all upstream devices and the 

power losses in the network can be reduced. Hence, the wind farm should have the 

capability to control the voltage and the reactive power at the connection point. This is 

essential to ensure secure operation of the system.  

For instance, some grid codes prescribe that wind farms should support the grid by 

generating reactive power during a network fault, to support and faster restore the grid 

voltage. The E.ON requires wind farms to support grid voltage with additional reactive 
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current during a voltage dip, or increased reactive power consumption in the event of a 

voltage swell. The voltage control must take place within 20 ms after fault recognition by 

providing additional reactive current on the low voltage side of the wind turbine 

transformer amounting to at least 2% of the rated current for each percent of the voltage 

dip. A reactive power output of at least 100 % of the rated current must be possible if 

necessary. The above applies outside a  10% dead band around nominal voltage. 

According to the Spanish grid code, wind power plants are required to stop drawing 

reactive power within 100 ms of a voltage drop and to be able to inject reactive power 

within 150 ms of grid recovery. Finally, Great Britain and Ireland specify in their grid 

codes that wind farms must produce their maximum reactive current during a voltage dip 

caused by a network fault.  

 

2.5.3 Active power and frequency regulation  

 

In the conventional grid codes, active power control requirement is defined as an ability 

to adjust the active power output with respect to the frequency deviations and the orders 

coming from the transmission system operators (TSO). It is well-known that a mismatch 

between the generation and load for active power is a change in the rotational energy 

stored in the rotating mass of the generators: a drift in the system frequency. A surplus in 

generation creates a frequency increase, and a shortage in generation leads to a decrease 

of the frequency. Hence, all the generating equipments in an electric system are designed 

to operate within a stringent frequency margin. Grid codes specify all generating plants 

should be also able to operate within a frequency range around the nominal frequency 

[42-44]. The strictest continuous operation limit for frequency appears in the British code 

(47.5-52 Hz). It is obvious that the most extreme frequency limits 46.5 Hz and 53.5 Hz 

are for E.ON offshore.  

The goal of these new rules is to move beyond treating wind turbines as passive 

generators that are ideally „neutral‟ and merely latch on to the „actual‟ grid structure. 

However, nowadays, they are to be used as active elements in transmission and 

distribution grids. Their technical properties should allow them, for instance, to react 

appropriately to changes in active power and frequency or to overloads in certain lines in 

order to increase the quality of power supply instead of being a burden.  
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On the other hand, considerably larger variations of power production may occur at and 

after extreme wind conditions. The power output of a wind farm can vary rapidly and lead 

to additional imbalances between production and consumption in the system. It would 

deteriorate the frequency control in the wind power connected transmission systems.  

In Germany, E.ON and Vattenfall have come up with grid connection guidelines for their 

zones, and the VDN has also created a set of rules as an independent association. In 

addition, a number of other countries in Europe and elsewhere are currently developing 

similar rules for their own situations. According to the German code, when frequency 

exceeds the value 50.2 Hz, wind farms must reduce their active power with a 0.4 pu/Hz 

gradient (40% of the available power of wind plant). The British code requires that wind 

farms larger than 50 MW to have a frequency control device capable of supplying 

primary and secondary frequency control, as well as over-frequency control. It is 

remarkable that it also prescribes tests, which validate that wind farms indeed have the 

capability of the demanded frequency response. In Spanish grid code, wind farm must be 

able to give active power increase or decrease active power output proportional to the 

frequency deviation at the connection point. The frequency control must work as a droop 

controller of which values vary between 0.02 and 0.06 pu based on wind power plant 

ratings. Speed of the response will be adjustable 10% of the rated capacity in 250 ms.  

These rules for grid connections mainly concern power limitations for individual wind 

turbines or entire wind farms, such as increasing or reducing output at preset increments 

in certain situations, or specifications of the output factors that wind farms must provide. 

In this way, standby power can be provided over periods of minutes or seconds.  

 

2.5.4 Power quality issues  

 

Power quality issues are addressed especially for wind turbines connected to the medium 

voltage grid utility. Some grid codes, such as Denmark and Ireland have established the 

corresponding requirements at the transmission level. Two main standards named by EN 

50160 and International Electrotechnical Commission (IEC) 61000-X-X are used to 

define the power quality parameters. The fast variations in voltage, short term flicker 
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severity, long term flicker severity and the total harmonic distortion (THD) would be 

specified in these standards.  

The IEC initiated the standardization on the power quality for wind turbine since 1995 as 

part of the wind-turbine standardization, and ultimately in 1998 IEC issued a draft IEC-

61400-21 standard for “power-quality requirements for Grid Connected Wind Turbines”. 

The methodology of that IEC standard consists of the following three considerations.  

The first one is the flicker analysis. The IEC-61400-21 specifies a method that uses 

current and voltage time series measured at the wind-turbine terminals to simulate the 

voltage fluctuations on a fictitious grid with no source of voltage fluctuations other than 

the wind turbine switching operation. The second one regards switching operations. 

Voltage and current transients are measured during the switching operations of the wind 

turbine (startup at cut-in wind speed and startup at rated wind speed). The last one is the 

harmonic analysis, which is carried out by the fast Fourier transform (FFT) algorithm. 

Rectangular windows of eight cycles of fundamental frequency width, with no gap and no 

overlapping between successive windows, are applied. Furthermore, the current THD is 

calculated up to 50th harmonic order. 

Recently, high-frequency harmonics and inter-harmonics are treated in the IEC 61000-4-7 

and IEC 61000-3-6. The methods for summing harmonics and inter-harmonics in the IEC 

61000-3-6 are applicable to wind turbines. In order to obtain a correct magnitude of the 

frequency components, the use of a well-defined window width, according to the IEC 

61000-4-7, Amendment 1, is of a great importance. Modern forced-commutated inverters 

used in variable-speed wind turbines produce not only harmonics but also inter-harmonics, 

i.e., harmonics that are not a multiple of 50 Hz. Since the switching frequency of the 

inverter is not constant but varies, the harmonics will also vary. Consequently, since the 

switching frequency is arbitrary, the harmonics are also arbitrary. Sometimes they are a 

multiple of 50 Hz, and sometimes they are not. 

Such sets of rules, guidelines can be used to predict the response of entire wind farms 

before they have even been installed. This information then serves as the basis for 

negotiations of grid connection agreements between operators of wind farms and grid 

operators.  
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2.6 The potential challenges for grid-connected wind turbines  

 

According to the grid requirements presented in Section 2.5, the ideal wind turbine should 

have a good ride-through characteristic to deal with any grid disturbances and faults; be 

able to provide good grid support, such as reactive current for voltage regulation; have 

flexible active power regulation, harmonics-free characteristic and high reliability, 

especially for offshore wind turbines.  

 

2.6.1 Fault ride-through enhancement for DFIG wind turbine 

 

The latest grid codes have clarified the low voltage ride through ability of the grid 

connected wind turbine in Section 2.5.1. When the network suffers a fault, the turbine is 

required to keep connection, and most importantly, the reactive current is demanded to 

inject into the network according to the latest grid codes. The aim is to help the network 

voltage recovery.  

The power electronics converter used in DFIG is only 20%~30% of the generator rating, 

which is determined by the speed operating range of DFIG. This is the significant 

advantage of DFIG turbines. Hence, more than 50% of the installed turbines in the last 

decade are using the DFIG configuration. However, since the stator windings of DFIG are 

directly connected to the grid utility via a three-phase transformer, the performance of 

DFIG is very sensitive to any grid disturbances, such as voltage sags, swells. Thus severe 

voltage sags and the resulting stator flux place a significant electrical stress on the rotor-

side converter and thereby increase mechanical stress on the gearbox as well [37, 45]. 

Consequently, the DFIG fails to satisfy with the aforementioned ride-through 

requirements if no additional protection is adapted.  To cater the latest grid requirement, it 

is necessary to develop ride-through strategies for DFIG.  
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Fig.2.19  DFIG ride-through enhancement with crowbar circuit 

Wind generation system is basically equivalent to variable speed pump/fan drive system 

operation in regenerative mode. Fault studies on induction motor drives [46] are potential 

to transfer to solve the problem faced in DFIG system. In the literature, several solutions 

have been proposed to improve ride-through capability of DFIG. Using serial dynamic 

braking resistors applied to the stator windings during a voltage sag [47] has been shown 

to be able to reduce torque and current spikes in the DFIG, and thereby prevent rotor-side 

converter damage during voltage sag conditions. Two improvements of the rotor circuit 

by introducing either a silicon controlled rectifier (SCR) rotor crowbar circuit [48-50] or a 

three-phase rectifier and adjustable resistive load [51] have demonstrated enhancement in 

the DFIG ride-through capability. Figure 2.19 shows the crowbar circuit for DFIG ride-

through enhancement. The selection of the crowbar resistance is the key factor to 

reinforce the ride-through capability of DFIG. Too small a resistance will fail to limit the 

rotor-side spike current during fault transients, but too large resistance can also cause the 

overvoltage phenomenon on the rotor-side converter. Both of these two cases will 

degrade the ride-through performance of crowbar method for DFIG. Recently a 

combination of crowbar circuit and series dynamic resistor has been installed in the rotor 

circuit of DFIG, which exhibits good protection during grid faults, especially 

unsymmetrical disturbances compared to the conventional crowbar [52]. In addition, an 

improved rotor side control principle has been shown to protect the rotor-side converter 

while DFIG terminal voltage is stepped down to nearly 30% of nominal [53, 54]. This 

solution, however, requires large capacity of current in the rotor converter and cannot deal 

with the severe voltage sags, such as zero-voltage ride-through. The integration of a short-

term energy storage device in a DFIG design has also shown the improvement of ride-
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through ability compared to the conventional topology [55]. In addition, voltage or 

current source inverter based flexible AC transmission devices [56, 57] have been used 

for flexible power flow control, secure loading, and damping of power system oscillation, 

which is potential for wind turbine ride-through enhancement. 

Most importantly, much more stringent grid codes are being established nowadays as 

mentioned in Section 2.5.1 since wind power penetration into electric grid gets larger. 

According to the latest regulations as illustrated in Fig.2.16, wind turbines are not only 

required to remain connected to ride through the grid faults, but they are also demanded 

to inject reactive current in order to assist the grid in recovering its rated voltage. 

However, the braking resistor or the crowbar technology does not fulfill the latest codes, 

as the turbine cannot supply reactive current / power during the activation of the braking 

resistor or the crowbar circuit. In other words, it is impossible to control the reactive 

power flowing into grid during fault periods using the aforementioned ride-through 

enhancements although they are effective to protect the turbine itself.  

In order to satisfy with the latest codes, the rotor-side and grid-side converter 

reconstruction has been presented together with an optimized time setting of crowbar 

cutting-in and removal, with aims to protect DFIG and provide reactive current during 

faults [58]. A novel control strategy that notably reduces the crowbar activation time is 

presented in [59]. As a result, the control of the turbine may shortly be resumed and the 

turbine can furthermore supply a reactive power fulfilling the newest grid regulations.  

On the other hand, researchers are addressing the issue from the angle of FACT devices. 

Voltage or current source inverter based FACTs devices, such as static var compensator 

(SVC), static synchronous compensator (STATCOM), dynamic voltage restorer (DVR) 

have been used for flexible power flow control, secure loading, and damping of power 

system oscillation [60, 61]. Some of those are even applicable to wind farm stabilization 

[62-64]. The STATCOM composed of power electronics devices has already been 

proposed to enhance the ride-through capability of wind farms. However, it is still 

challenging to deal with severe voltage fault since its shunt compensation essential. 

Moreover, compared with a parallel reactive power compensator, a series compensator is 

much more effective to restore voltage in strong grid utility in terms of minimizing the 

power capacity of devices [65].   
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Bearing all these in mind, a series compensator based ride-through architecture for DFIG 

and its advanced control will be investigated in Chapter 3 to cater the latest grid 

regulations.  

 

2.6.2 Power architecture improvement for PMSG wind turbine 

 

As predicted by the Danish wind consultation company MAKE in 2010, the PMSG will 

be the next mainstream generator technology barring any unexpected upsurge in price of 

permanent magnet materials. The worldwide wind turbine manufacturers, such as Vestas, 

GE Wind, and Siemens have been interested in the design and application of PMSG based 

wind turbines.  

PMSG is much more popular because of its higher efficiency, high-power density, and 

robust rotor structure. The simple and robust low speed rotor design with no separate 

excitation or cooling system results in minimum wear, reduced maintenance requirements, 

lower life cycle costs, and a long lifetime. Most importantly, PMSG exhibits good ride-

through and grid support performance because of applying the full scale converter 

compared with DFIG. The full converter wind turbine is the most flexible wind turbine 

technology from an LVRT point of view, as the active and reactive power output can be 

controlled using the converters [66]. So far, Vestas announces its PMSG ride-through 

technology named as „GridStreamer‟, which is able to meet the ride-through requirements.  

Another significant advantage of PMSG turbine is the possibility of gearless operation. In 

[67], the problem to adapt a standard permanent-magnet synchronous machine to a direct-

drive application is presented. A complete design of a low-speed direct drive permanent-

magnet generator for wind application is depicted in [68].  

It is well-known that PMSG is fed by a full scale power electronics converter whether the 

gear or gearless structure is adopted. Therefore, the power electronics converter plays a 

significant role in the PMSG turbines. A current-source converter is employed as the 

bridge between the generator and the grid for high-power wind energy conversion 

systems [69]. In [70], two current-source inverters are in series to bridge the axial flux 

generator and grid, which aims for MW level wind turbine application. However, the 

current-source converter normally introduces a lot of harmonics without advanced 
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filtering technologies, and thereby deteriorates power quality of the connected utilities. 

Hence, considering the power quality requirements, voltage-source converter with pulse 

width modulation (PWM) technology is more and more popular for PMSG applications, 

thanks to the advance of power electronics in recent years. Figure 2.9 and 2.10 presented 

two typical power architectures for PMSG application.  

As illustrated in Fig.2.9, the PMSG is fed by a diode rectifier cascaded with a DC chopper. 

This system possesses merits such as simple construction and low cost. However, it lacks 

control capability over the generator power factor, which reduces generator efficiency. 

Additionally, high harmonic current distortions in the generator windings further degrade 

efficiency and produce torque oscillations. To address this problem, the PMSG is 

connected to the grid by means of a fully controlled frequency converter, which consists 

of a PWM rectifier, an intermediate DC stage and a PWM inverter, as shown in Fig.2.10. 

With this configuration the generator-side converter can completely regulate the generator 

in terms of speed, power factor and electromagnetic torque. However, the configuration 

reliability is relatively low due to the potential existence of shoot-through states arising 

from gate-drive failures. Thus there is motivation to overcome the aforementioned 

limitations. 

Recently, research on the three-switch buck-type rectifier has focused on grid-side current 

quality improvement [71, 72], design and implementation [73], and parallel operation 

[74]. On the other hand, current research on Z-Source inverters has focused on modeling 

and control [75, 76], PWM strategy [77], Multi-level implementation [78], application 

and performance improvement [79, 80], and other variants of the Z-Source network [81-

83]. However, detailed design of a PMSG grid interface system based on the integration 

of the three-switch rectifier and the Z-Source inverter has not been reported.  

The motivation to use Z-Source inverter for feeding good-quality power into grid comes 

from the highly reliable operation of the topology. The Z-Source inverter does not have 

the short-circuit risk associated with conventional inverter topologies. Moreover, fewer 

harmonics are presented in the Z-Source inverter compared with the conventional inverter 

due to the elimination of the commutation dead-time. In addition, the three-switch 

rectifier also has high reliability characteristics compared to the conventional bridge 

rectifier. There is no shoot-through phenomenon in the rectifier. This is a very important 
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issue in PMSG application since short-circuit of PMSG would rapidly result in over-

current in the stator windings. Therefore, if any of three switches is shorted or 

malfunctioning, the PWM rectifier can still be operated as a normal diode rectifier after 

detecting the fault-event. Hence, the integration configuration can overcome the 

aforementioned drawbacks of existing configurations, and provides high reliability, low 

capital cost, and harmonic-free characteristics in both generator and grid sides.  

The proposed architecture for PMSG and its control in this thesis has been developed 

with the above issues in mind. First of all, it is necessary to explore the integration 

topology named as the three-switch buck-type rectifier with Z-Source inverter in terms of 

modulation, circuit analysis and validation before doing the system-level integration for 

PMSG based wind turbine. A unified modulation for both the machine-side and grid-side 

converters will be given in order to prevent the negative interaction between the two 

converters. To achieve variable speed operation of PMSG, the buck-boost capability is 

required for the developed topology. Hence, equivalent circuit analysis of the 

aforementioned topology will be provided to study the voltage transfer ratio, which gives 

fundamentals for variable speed PMSG turbine.  

In this thesis, the modulation, analysis and demonstration of the three-switch buck-type 

rectifier with Z-Source inverter will be introduced in Chapter 4 with aims to clarify the 

proposed topology and essential behavior. Then the design methodology, the simulation 

studies and experimental validation of the proposed architecture for PMSG wind 

application will be presented in Chapter 5.  

 

2.6.3 Potential methods to quantify wind power impacts 

 

As mentioned in Section 2.2, wind power capacity will have a significant percentage of 

the worldwide electricity demand in the next decade, such as in western European 

countries. It can be predicted that the output power of wind farm will be large enough to 

affect the voltage regulation of the connected utility as mentioned in Section 2.5.2.  

These developments clearly indicate the need to search for effective solutions to alleviate 

any of the negative impacts the wind generators may have on the grid so that the benefit 

of the renewable energy source can be maximized. For example, a possible solution is to 
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incorporate energy storage devices into the network [84]. However, this or any other 

solution will incur additional cost to the system. Thus, there is a need to devise reliable 

method(s) to accurately quantify the impacts so that the most appropriate and economical 

solution to mitigate the impacts can be obtained. It is noted that voltage quality is 

essentially dependent on the amount of wind power injection and the effective impedance 

characteristics of the external network connected to the wind generators. Hence, it will be 

necessary to consider together both the injected power and network impedance 

characteristics when assessing the impacts of wind generation on network voltage.  

Toward this end, deterministic analysis approaches have been proposed in [85, 86]. As 

the methods involve relatively simple calculations, they require low computation time. 

The deterministic approaches assume known loads, generation and network conditions. 

Often only maximum/minimum wind generation conditions at extreme network 

conditions are considered, without taking into consideration the likelihood of their 

occurrence. The solution methods obtained to control network voltage may therefore be 

unnecessarily expensive or complex, as they would only be used for events or instances 

which may have very low probability of occurrence. It is perhaps in recognition of this 

observation that for general application study on power quality, new standards such as 

that discussed in [87, 88] prescribes voltage quality performance measured in statistical 

terms. The industry trend is indicating that statistical and probabilistic approaches are 

gaining in importance in voltage quality assessment study.  

Recognizing the shortcoming of deterministic methods, the authors of [89] suggested the 

use of discrete Markov modeling technique to describe wind speed. Voltage profile at 

selected buses can be obtained through conventional load flow study by applying the 

derived wind power to a given distribution network. The voltage profile can also be 

described in probabilistic manner. However, the authors still considered the wind farm 

connected network to be essentially a deterministic system. In practice, this assumption is 

unlikely to be valid because network status changes as loads and generation levels vary. 

The authors of [90] have also derived an alternative probabilistic model to study the 

impact on external system, due to an aggregate of wind-powered induction generators 

with fluctuating input mechanical power. Reference [91] proposed a simpler 

computational method in which the mean values of the wind farm output power and 

external load level are used to evaluate the voltage profile at the point of common 
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coupling. Again the authors in [90] and [91] have used a deterministic Thevenin 

equivalent model to represent the external network. Finally reference [92] proposed to 

treat the injected wind power in a statistical manner, where network voltage is evaluated 

using probabilistic load flow (PLF) solution technique. Similarly, reference [93] 

considered operational uncertainties (including e.g. daily time varying load, stochastic 

wind power generation, varying network reconfiguration) to assess voltage quality using 

PLF study. Thus both methods in [92, 93] will require extensive input data which may not 

be readily available. The computational burden of the technique can be expected to be 

high.   

The method proposed in this thesis has been developed with the above issues in mind. 

The proposed method calculates the impact of wind power penetration on network 

voltage in a statistical manner: the wind power injection and the state of the connected 

grid are described in terms of probabilistic distributions. The detailed analysis will be 

explained in Chapter 6.  

 

2.7 Conclusion 

 

This chapter has reviewed the existing wind turbine configurations and current grid codes 

for wind power penetration. Among the aforementioned turbine configurations, the DFIG 

has a poor ride-through performance, which is inadequate to satisfy the ride-through 

requirements if no protection is provided. However, more than 50% of the installed 

turbines in the last decade are based on the DFIG configuration. To make these turbines 

to still comply with the new grid codes, it is very important to reinforce its ride-through 

characteristic. Hence, this will be one of the research directions in this thesis.  

Compared with DFIG, PMSG exhibits good ride-through and grid support performance 

because of application of the full scale power converter. As predicted by the Danish wind 

consultation company MAKE, the PMSG will likely be the dominant technology in the 

next decade. It is well-known that power electronics converter plays a significant role in 

the PMSG turbine in terms of system integration, reliability and power quality. Therefore, 

investigating advanced power architecture is one of the key tasks for PMSG based 

turbines.  
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Regardless of DFIG or PMSG, wind power capacity will have a significant percentage of 

the worldwide electricity demand in the next decade. Consequently, wind power will 

significantly affect the operation of utility in terms of voltage regulation, frequency 

control and so on. Thus, there is a need to devise reliable methods to accurately quantify 

the impacts so that the most appropriate and economical solution to mitigate the impacts 

can be obtained. Hence, one of the potential researches is to develop a feasible voltage 

quality analysis for large wind power penetrated networks, which aims to eliminate the 

related negative impacts.  

All these three directions have been investigated and analyzed in this project and will be 

described in details in the subsequent chapters respectively.  
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CHAPTER 3 

 

RIDE-THROUGH ENHANCEMENT OF DFIG WIND TURBINES BASED ON 

SERIES VOLTAGE COMPENSATION  

 

3.1 Introduction 
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Fig.3.1  A wind generation system based on doubly fed induction generator  

The DFIG is a common sub-system for large variable speed wind turbines that are 

connected to a grid. A diagram of wind energy system based on DFIG is shown in Fig. 

3.1. The DFIG is driven by a horizontal-axis wind turbine. The power windings of the 

generator stator are connected directly to the utility grid. The control windings of the 

generator rotor are connected to a back-to-back converter, where the rotor-side converter 

is used to control the rotor current of the generator and the grid-side converter is utilized 

to control the DC-link voltage. With stator–flux orientation, a vector-control for DFIG is 

adapted to generate the reference of Vrd and Vrq for the rotor-side converter, decoupling 

generator torque and excitation control. Meanwhile, a vector-control approach is also 

used for the grid-side inverter with a reference frame oriented along with grid voltage 

vector position, enabling independent control of active (DC-link voltage) and reactive 

power (Q) flowing between grid utility and grid-side inverter.  
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Since the control of the DFIG is tied to the rotor windings, only slip power is processed 

by the power electronics converter, where the purpose of the converter is to synchronize 

the rotor current with respect to the stator reference of the DFIG. However, since the 

stator windings of DFIG are directly connected to the utility grid via a three-phase 

transformer, the performance of DFIG is very sensitive to any grid disturbances, such as 

voltage sags and swells. It is therefore necessary to explore ride-through enhancements 

for DFIG based turbines.  

Several ride-through enhancement solutions have been reviewed in Chapter 2. To address 

the potential challenges of existing ride-through methods as mentioned in Section 2.6.1, 

an integration of a series voltage compensator in the stator of the DFIG to reinforce its 

fault ride-through capability is introduced in this chapter. Prior to introducing the control 

of series compensator, the control of DFIG system is firstly presented to give the 

fundamentals for its ride-through analysis. Then the essential behavior of the DFIG 

during the fault condition is analyzed using system phasor diagram. Subsequently, the 

general control scheme for the series compensation system in case of grid faults is 

presented. However, the conventional control scheme would result in the high cost of the 

ride-through method. Hence, to reduce the cost of series voltage compensator, this chapter 

also proposes a customized control solution to regulate the series voltage compensator. 

This is the significant contribution of this series compensator based ride-through method.  

 

3.2 Fundamentals of DFIG wind turbine 

3.2.1 Mathematical model of DFIG 
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Fig.3.2  Vector diagram of the DFIG 
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This section investigates the control of DFIG, which gives fundamentals for the ride-

through analysis. Vector diagram of the DFIG is shown in Fig.3.2. The ss    and 

rr    frames are the stationary two-phase frames referenced to the stator and rotor 

windings, respectively. As referred to the stator windings, the rr    frame is a rotating 

frame with the angular speed r . Compared to the ss    frame, the ss qd   frame is 

referred to a rotating frame when it is rotating at the angular speed  . If the   is chosen 

as the synchronous speed e , the synchronous ss qd   frame is obtained. Therefore, the 

equivalent circuit of a DFIG expressed in the reference frame ( ss qd   frame) rotating at 

a speed of   is shown in Fig.3.3 [94]. As it is shown in the stator reference frame, the 

stator and rotor flux linkage vectors can be expressed as,  











smrrr

rmsss

ILIL

ILIL







                                             (3.1) 

Where, slms LLL   and rlmr LLL   are the stator and rotor total magnetic 

inductances. slL  and rlL  are the leakage inductances of the stator windings and rotor 

windings respectively, and mL  is the mutual inductance. The stator voltage vector in the 

rotating reference frame is given as 
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Fig.3.3  Equivalent circuit of a DFIG in the reference frame rotating at   

Putting the vectors in (3.2) into the ss qd   synchronous frame, (3.2) is rewritten as  
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Where, sdu  and squ  are the sd - and sq -axis components according to the rotated vector 

sV


, respectively. sdi  and sqi  are the stator current components in ss qd   frame.   

Again, the stator and rotor flux linkage vectors in (3.1) can be also rewritten in the 

synchronous frame as 
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Where, rdi  and rqi  are the rotor current components on ss qd   frame, respectively.  

 

3.2.2 Field oriented control of DFIG 

In order to apply the field oriented control for a DFIG, a d-q transformation is required, 

which has been introduced in Section 3.2.1. The scheme presented in this section uses 

stator flux oriented control for the rotor-side converter and grid voltage oriented control is 

used to control the grid-side converter.  

 

A. Control of the rotor-side converter 

 

For high power machine, the stator resistance is usually neglected and the amplitude and 

rotating speed of the stator flux are constant due to the fixed grid voltage. Therefore, 

stator flux orientation gives orientation with the stator voltage for the MW level wind 

turbines.  
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The realization of the stator flux orientation will be carried out as follow. The d-axis is 

assumed to be aligned to stator flux, and the stator current coming out of the stator 

windings is considered positive. In the synchronous d-q reference frame ( ss qd  ) as 

illustrated in Fig. 3.3, the speed of the reference frame  is chosen equal to the stator 

flux rotated speed e  (consistent with the grid frequency). Thus, 
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On the other hand, the stator active and reactive power outputs of the DFIG can be 

expressed under the synchronous reference frame as,  
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Substituting (3.3), (3.4) and (3.5) into (3.6), (3.6) can be rewritten as 
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From (3.7), it is easy to identify the active power and reactive power via the rotor side 

current in the given rotated reference frame. The stator flux oriented vector control 

strategy is used to achieve the decoupled control of the real and reactive power.  

In order to control the rotor-side current, the rotor voltage vector in the rotating reference 

frame from Fig.3.3 is given by, 

rr
r

rrr j
dt

d
IRV 

 


)(                                 (3.8) 

According to the axis transformation in Fig.3.2, the corresponding ss qd   axis expression 

can be derived as 
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Where, rdu  and rqu  are the sd  and sq  axis values according to the rotating vector rV


, 

respectively. rdi  and rqi  are the rotor currents on the sd  and sq  axis.  

From (3.4) and (3.5), the stator current ds- and qs-axis components can be derived as 
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Substituting (3.10) into (3.4), the rotor flux ds- and qs-axis components can be rewritten as 
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Where, )(1 2
rsm LLL . 

Again, substituting rd  and rq  in (3.11) into (3.9), the rotor voltage in (3.9) can be 

expressed in terms of the rotor currents 
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From (3.12), it is found that there is cross coupling between the ds- and qs-axis due to the 

presence of the rotational EMF terms. The current loop dynamics along the ds- and qs-axis 

can be made independent by compensating for these terms in the control loops. Figure 

3.4 shows the block diagram for the rotor-side converter to realize the field oriented 

control of DFIG. The stator flux estimation block is used to extract the stator flux, angle 
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and the synchronous speed. The stator flux is equal to the integral of the stator terminal 

voltage minus the voltage drop on the stator resistance. The angle and the synchronous 

speed can be calculated by the PLL principle [95]. The error between the reference 

current and the feedback current is used to generate the reference voltage of the rotor-side 

converter together with the compensation terms as mentioned before. Due to the reference 

voltage, the modulation of the converter can be carried out by sinusoidal pulse width 

modulation (SPWM) or SVM. 
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Fig.3.4  Vector control scheme for the rotor-side converter 

 

B. Control of the grid-side inverter 

 

When the generator is operating at the sub-synchronous speed, a grid-side converter is 

required to deliver power into the rotor-side converter in order to keep the DC-link 

voltage constant. On the other hand, when the generator is operating at the super-

synchronous speed, the grid-side converter will provide the rotor power into the utility 

grid so as to control the DC-link voltage. Hence, the important function of the grid-side 

converter is to keep the DC-link capacitor voltage constant regardless of direction and 

magnitude of power flow. In addition, the grid-side reactive power can be regulated by 

the converter. A leading power factor is helpful to support grid voltage in case of any grid 

disturbances.   
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Fig.3.5  Grid voltage vector orientation for the grid-side inverter 

A grid voltage vector oriented control strategy is utilized in the control of the grid-side 

converter, which allows decoupled control of the DC-link voltage and grid-side reactive 

power regulation. The voltage vector is oriented along the d-axis as shown in Fig.3.5. 

Herein, the grid voltage is aligned with the d-axis synchronous speed. Hence, the active 

and reactive power dealt with the grid-side converter can be calculated by 
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The energy stored in the DC link capacitor is the integral of power difference between the 

power delivered by the rotor-side converter and the power flowing into grid by the grid-

side converter. Hence, from (3.13), the d-axis current controls the DC link voltage and 

reactive power is controlled using the q-axis current. 
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Fig.3.6  Grid-side converter arrangement 

Figure 3.6 shows the arrangement of the grid-side converter. L and R are the grid-side 

inductance and resistance respectively.  The converter is connected to the grid through the 
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transformer as the DC-link is operated at a relative lower voltage level. The voltage 

equations across the inductances and resistances are expressed as follow, 
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                            (3.14) 

With the transformation into a d-q synchronous frame as shown in Fig.3.5, the d- and q-

axis voltage components can be written from (3.14) as 

qdsqqsq

dqsddsd

vLii
dt

d
LRiv

vLii
dt

d
LRiv









                            (3.15) 

Since the d-axis of the reference frame is aligned with the grid voltage vector, the q-axis 

component of the grid voltage is zero. The grid-side converter is required to supply the 

voltage as follow, which is rewritten from (3.15), 
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From (3.16), there is cross coupling between the d- and q-axis due to the presence of the 

rotational EMF terms. The current loop dynamics along the d- and q-axis can be made 

independent by compensating for these terms in the control loops. Figure 3.7 shows the 

block diagram for the grid-side converter. The stator voltage calculation block is used to 

extract the stator voltage magnitude, angle and the corresponding angular speed. The 

angle and the synchronous speed can be calculated by the PLL principle as 

aforementioned. The error between the reference DC-link voltage and the corresponding 

feedback serves as the reference current of the inner current loop. The d- and q-axis 

components are utilized to control the DC-link voltage and the grid-side reactive current, 

respectively. The reference voltage of the grid-side converter is obtained by combining 

the outputs of the inner current loop and the aforementioned compensation terms.  
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Fig.3.7  Vector control scheme for the grid-side converter 

 

C. System control diagram considering turbine’s characteristic 

 

For a horizontal-axis wind turbine, the captured wind power is a function of wind speed 

and can be expressed as [96]: 

pW CAvP  3

2

1
                                             (3.17) 

Where, WP  is the wind power production of wind turbine.   is the air density 

(
3/ mkg )(At C015  and 1 atm, 3/225.1 mkg ), A  is the cross-sectional area of wind 

turbine (
2m ) ( 2rA   with wind turbine radius of r ), and v  is wind speed (m/s). pC  is 

the power coefficient of wind turbine.  

For a given wind speed, the power transferred coefficient pC  is a function of the rate at 

which the wind turbine turns. If the turbine turns too slowly, the coefficient drops off 

since the blades are letting too much wind pass by unaffected. In contrast, if the turbine 

turns too fast, the coefficient is reduced as the turbulence caused by one blade 

increasingly affects the blade that follows. The usual way to illustrate pC  is to present it 

as a function of turbine‟s tip-speed ratio (TSR). The tip-speed-ratio   of wind turbine can 

be defined as: 
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v

rr
                                                   (3.18) 

Where, r  is the rotating angular speed of wind turbine which can be expressed by 

mr k   . Here m  is the generator angular speed. Normally there is a gear box 

between wind turbine blades and generator. The gear box ratio is k .  

A non-linear relationship between pC  and   can be obtained experimentally for any 

given wind turbine as shown in Fig.3.8. The rotor speed of the generator would be 

proportional to the wind speed in order to achieve maximum wind power.   
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Fig.3.8  Power transfer coefficient pC  versus Tip-speed ratio   

In order to maximize the wind power extraction, the relation between wind speed and 

wind power is written in a look-up table, which serves as the reference for the rotor-side 

converter. Due to the optimized wind power, the torque reference provided by the turbine 

can be expressed as,  

r
opt

we PT /*                                          (3.19) 

Where, 
opt

wP  is the maximum wind power according to the optimized tip-speed ratio.  
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Fig.3.9  System control diagram of the DFIG based wind turbine 

Figure 3.9 shows the system control diagram of DFIG to track the maximum power point 

of wind power. Due to the real-time measured wind speed, the theoretical maximum wind 

power captured and optimized rotor speed can be calculated by (3.17) and (3.18), 

respectively. Consequently, the torque reference can be calculated from (3.19) as well. 

Under the stator-flux oriented control, the rotor-side q-axis current component, rqi , is 

proportional to the torque, and thereby the rqi  reference can be obtained from the torque 

reference. Hence, the vector control of DFIG can be implemented with the current 

references in the stator-flux oriented frame, which has been illustrated in Fig.3.4.  

 

3.3 A series compensator based ride-through enhancement for DFIG  
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Fig.3.10  Single-line diagram of the DFIG based wind turbine connected to grid. 
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The general schematic arrangement of the proposed DFIG architecture is shown in 

Fig.3.10, which aims to enhance ride-through capability. Compared to the conventional 

DFIG system in Fig.3.1, the difference in the proposed structure is the utilization of a 

series compensator. From Fig.3.10, the series compensator is made up of a three-phase 

transformer and a power electronics converter with DC-link energy storage devices. The 

primary side of the series transformer is installed between the DFIG stator terminal and 

the PCC. The secondary side of the transformer is connected with the power electronics 

converter, which is used to generate a certain voltage during grid faults.  

The principle of the series compensator is as follow. In the normal condition, the series 

compensator is bypassed by the power semiconductor switch SW1 (as shown in Fig.3.10) 

in order to eliminate the stator side impedance, which in turn, reduces system losses. As 

fast as monitoring the PCC voltage beyond the certain limitation, the series compensator 

is being in function by turning off the SW1. The function of the series compensator is to 

keep the stator voltage as constant when the PCC voltage suffers voltage sag during grid 

fault period. The advantage of the series compensated solution is to make the DFIG 

turbine insensitive to the grid-side disturbances. Moreover, the rotor-side converter is still 

in normal operation to regulate the power output of DFIG during fault periods with the 

help of series compensator. Thus this characteristic is not available in the conventional 

crowbar solution since the rotor-side converter has to be shut down during the crowbar 

activation. It is worthy to point out the high cost of the series compensator is the 

significant limitation of the series compensation solution compared to the crowbar 

method. In order to address this challenge, an improved control of DFIG-series 

compensator will be discussed in Section 3.6 with the aim to reduce the cost of the series 

compensator.  

On the other hand, the conventional grid connected DFIG system is sensitive to the grid 

variants such as voltage sags and swells as aforementioned. There will be overcurrent / 

overvoltage phenomenon in the rotor-side converter during grid fault periods. Herein the 

essential behavior of DFIG during grid faults will be investigated in the next section by 

using phasor diagram analysis.  
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3.4 Essential behavior of DFIG during grid fault  

For the convenience of phasor diagram analysis, the T-form circuit of DFIG shown in 

Figure 3.3 is desired to transform into the Г-form equivalent circuit. It is worthy to point 

out that the γ=Ls/Lm is nearly equal to 1 for the power rating of generator larger than 

100KW [97]. Consequently, the T-form equivalent circuit of DFIG is transformed to the 

Г-form equivalent circuit as illustrated in Fig.3.11. The phase diagram analysis will be 

carried out in the next section based on the Г-form equivalent circuit.  
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+-
 

Fig.3.11  Г-form equivalent circuit of the DFIG in the static frame 

 

3.4.1 Phasor diagram during normal operation 

In the DFIG based wind turbine, the stator windings are directly connected to the grid 

utility via a step-up transformer, and thereby the stator voltage is imposed by the grid. 

The rotor windings voltage is controlled by a rotor-side converter and is used to perform 

the machine control. Hence, in the normal operation, the stator voltage phasor sv


 is a 

rotating vector of the constant magnitude Vs that rotates at the synchronous speed ωs 

tj
ss

seVv





                                                     (3.20) 

From Fig.3.11, the stator voltage can be expressed as 

1EiRv sss


                                               (3.21) 

Where spE 


1  and p=d/dt. 
)( sstj

ss eIi
 




 is the stator current phasor.  
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Again, the rotor voltage can be also expressed as 

rrrrrrr jijXiREv 


 1                                    (3.22) 

Where Xr=ωs(Lls+Llr). rrj 


 is the rotating EMF. Herein we denote 
rrjEE 


 12
 as 

the rotor-side total EMF, which is shown in Fig.3.11.  

For a high power generator, the stator resistance Rs is neglected and thereby the back 

EMF spE 


1  is directly equal to the grid voltage. Since the Lm is much larger than Lls 

and Llr, the r


 is nearly equal to s


 due to the (3.1). Then the rotating EMF rrj 


 in 

(3.22) can be simplified as 

dtvjjj srsrrr 


                                       (3.23) 

Then substituting sv


 in (3.20) into (3.23), (3.23) can be rewritten as 

s
tj

s

s

r
rr vseVj s


)1( 






                                         (3.24) 

Where s=(ωs-ωr)/ωs is the slip speed.  

Due to (3.20)~(3.22), Figure 3.12 presents the phase diagram of the DFIG under normal 

grid condition. Herein, the stator voltage phasor sv


 is selected as the reference vector and 

the wind speed is assumed to be constant at that moment. Consequently, the constant 

wind power captured by the DFIG is considered. Based on the reference vector, the stator 

current phasor si


 can be determined when the steady-state power factor of DFIG is fixed. 

The s  is the power factor angle, as shown in Fig.3.12. Due to (3.21), the back EMF 1E


 

on the stator windings can be figured out. The magnetizing current mi


 is always lagging 

90
0
 to the back EMF if the magnetizing resistance is neglected. According to KCL, the 

rotor current phasor ri


 can be obtained from the stator current phasor si


 and the 

magnetizing current phasor mi


. Finally, based on (3.22) and (3.23), the rotor voltage 

phasor rv


 can be determined as illustrated in Fig.3.12.  
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Fig.3.12  Phase diagram of DFIG during normal operation 

It can be seen from Fig.3.12 that the magnitude of rv


 supplied by the rotor-side converter 

is approximately proportional to the slip speed if the voltage drop on the rotor impedance 

is neglected. For instance, the amplitude of the rotor voltage is only one fifth the stator 

voltage if the slip speed is 0.2 pu. For high power generators, the voltage drop on the 

stator resistor is quite small compared to the voltage on the PCC. Hence, it is acceptable 

to neglect the resistance in the phasor diagram for simplicity.  

 

3.4.2 Phasor diagram during grid fault condition 

 

This section will analyze the operating behavior of the DFIG during a fault event. Three-

phase balance faults are concerned in this section. In practical systems, it is well-known 

that the voltage drops on the PCC are determined by the grid fault condition and its 

transmission characteristics. Consequently, when a fault occurred near the PCC, the 

magnitude of voltage on the PCC is inevitable to drop significantly as well as the change 

of the phase angle. In order to analyze the operating behavior of DFIG, the PCC voltage 

during fault period is assumed to be vs,1 as illustrated in Fig.3.13. The subscript „1‟ means 

the variables during fault periods. 

From Fig.3.13, during the fault period, the stator voltage is dropt from the nominal value 

vs to vs,1 with the phase angle shift φ1. Herein the stator resistance is neglected for 

simplicity. Consequently the stator side electromotive force (EMF) E1 as shown in 

Fig.3.11 is directly equal to the fault period PCC voltage vs,1. At the beginning of the fault, 

the magnetizing current im is impossible to damp so quickly since large mutual inductance 

itself. So the im is considered as the same at that moment. Thereby the rotor flux r


 is still 
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same as the pre-fault value. Hence the rotating EMF rrj 


 in the rotor still refers to the 

pre-fault value as expressed in (3.23). Finally the rotor voltage phasor rv


 can be figured 

as shown in Fig.3.13. The rotor back EMF 2E


 during fault periods is much larger than 

that in the normal operation since the rotating EMF rrj 


 is still kept at the pre-fault 

value.  

Normally the rotor voltage is only a small fraction of the stator voltage, such as 0.3 pu. 

But the rrj 


 is much larger than this value. Moreover, the rotor current phasor ri


 can 

also be determined by the rotor resistance and inductance as similar as Fig.3.11. 

Considering the small leakage inductance Xr and rotor resistance Rr, the rotor current will 

be much larger than the normal value, which is large enough to damage the rotor-side 

converter. In addition, the stator current phasor si


 can be obtained based on the rotor 

current phasor and the magnetizing current phasor. The aforementioned procedure has 

been presented in Fig.3.13.  
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Fig.3.13  Phase diagram of DFIG during grid fault 

From Fig.3.13, the rotating EMF rrj 


 in the rotor is the main source that makes the 

DFIG difficult to ride through severe grid faults. As presented in (3.23), the 

aforementioned rotating EMF is determined by the generator speed and the rotor flux. 

Thus the rotor flux is decided by the magnetizing current. Due to the large mutual 

inductance in the large power DFIG, the voltage on the mutual inductor can be 

immediately changed, however, the current in the inductor does not change 

instantaneously. This is the essential behavior of the DFIG while the grid fault happens.  



Chapter 3  Ride-through enhancement of DFIG based on series voltage compensation 

59 

v
s

v
s,2

E
1

E
2



rrj 




2E


rrj 




rrj 




v
s,1

 

Figure 3.14  Simplified phase diagram of DFIG during a full voltage dip and a partial 

voltage dip with the phase shift   

The following part will address which kind of voltage drops that cause the worst 

operation of the DFIG. Neglecting the resistance of DFIG, the phasor diagram during 

normal grid condition can be simplified by the dot-lines in Fig.3.14 from Fig.3.13. When 

the grid suffers a fault, the PCC voltage sv


 is dropt to 1,sv


. The rotor total EMF 
2E


 is 

increased from the normal value 
rrs jv 


  to 
rrs jv 


1,
, which is illustrated in Fig.3.14. If 

vs,1 is equal to zero, the rotor voltage increment ΔE1 is equal to Vs, the pre-fault rotor 

voltage. Currently the researchers are considering the vs,1 =0, as the worst operation of 

DFIG.  

Both the magnitude and phase angle of the stator voltage can be changed while a fault 

happens. Normally the phase-angle jump on the PCC is determined by the X/R ratios of 

the source and the fault path [98] while a fault happens near the PCC. As far as is known, 

the phase-angle jump during fault period has not been paid attention in the investigation 

of DFIG ride-through. For instance, if the fault stator voltage is illustrated as vs,2 in 

Fig.3.14, where   is the phase-angle shift. It can be found that the phase-angle jump also 

contribute to the rotor voltage increment ΔE2,  

cos2 2
2
2

2
2 ssss VVVVE                                    (3.25) 

From (3.25), when )2(cos 2
1

ss VV , the ΔE2 is larger than the ΔE1, and thereby the 

phase-angle jump will cause a larger rotor current than that caused by the full voltage dip. 

Figure 3.15 illustrates the rotor current response considering the magnitude of the stator 

voltage together with the angle-jump. Although the amplitude of the stator voltage has not 

been reduced to zero, the phase-angle jump of the stator voltage can also result in the 

even worse overcurrent in the rotor than that in the condition of the full voltage dip.  
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Fig.3.15  The magnitude and angle-jump of stator voltage impact on the rotor current  

 

3.4.3 Key factors on the DFIG fault operation 

 

This section will address the key factors which significantly contribute on the over-

current/voltage in the rotor. The factors can be separated in terms of the stator and rotor 

circuit, respectively. 

⑴ The stator resistance/ braking resistance 

From Fig.3.11, the E1 will not be equal to the stator voltage if the voltage drop across the 

stator resistance is large enough. Therefore, at the fault instant, the E1 is not reduced so 

largely to affect the electrical behavior of the rotor circuit. Normally the stator resistance 

is quite small, especially in high power application. Hence, an additional stator braking 

resistance can be inserted in the stator circuit during the fault period to enhance the ride-

through capability of the generator.  

⑵ The rotor resistance / crowbar 

From the viewpoint of rotor circuit, the overvoltage is mainly caused by the rotating EMF 

rrj 


. The rotor speed can be considered as a constant at the fault instant. The rotor flux 

r


 is also kept at the same value because of the larger mutual inductance Lm. In order to 

balance the rrj 


, an additional rotor resistance is usually involved. This is the so-call 



Chapter 3  Ride-through enhancement of DFIG based on series voltage compensation 

61 

crowbar method. The additional resistance is used to limit the rotor current in order to 

avoid the overcurrent in the rotor. However, the additional resistance should not be too 

large to further increase the terminal voltage of the rotor-side converter.  

⑶ Demagnetizing current concept 

The rotor flux should be damping immediately in order to avoid the overvoltage in the 

rotor. Hence, a demagnetizing current can be generated by the rotor-side converter in 

order to damp the rotor flux as fast as possible, and thereby partly enhance the ride-

through capability of the DFIG.  

 

3.4.4 Advantages and disadvantages of DFIG 

Section 2.4 has reviewed the characteristics of the main types of wind turbine generators, 

and the advantages of DFIG based wind turbine can be listed as:  

1. Partial power rating electronics converter: The employed power electronics 

converter is only required to deal with the slip power of DFIG. Hence, the cost 

of the converter/inverter can be significantly reduced. Typically the converter 

rating is 20~30% of the total power rating of the system.  

2. Variable speed operation: Compared to the fixed speed wind turbines, the 

variable speed operation makes DFIG wind turbine possible to maximize 

power point tracking of wind power under different wind profiles, which in 

turn, improve the utilization of wind turbine.  

3. Flexible power factor control: Power factor control can be implemented at 

lower cost because the DFIG system (four-quadrant converter and induction 

machine) basically operates similar to a synchronous generator. The rotor 

converter has to provide only excitation energy/power.  

4. Decoupled control of active and reactive power: compared to silicon-

controlled rectifier, the DFIG with a four-quadrant converter in the rotor 

circuit enables decoupled control of active and reactive power of the generator.  
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Besides the aforesaid advantages of DFIG wind turbine, there are still several limitations 

of DFIG wind turbine in terms of its poor fault ride-through ability, mechanical 

commutators and wearable brushes (regular maintenance required), bulky mechanical 

gearbox for speed coordination, and so on. 

To address the poor ride-through ability, a series compensated solution for DFIG ride-

through enhancement will be studied in the following sections.   

 

3.5 General control principle of the series compensator 

 

In order to eliminate the transient variants of the stator voltage caused by the step-down 

PCC voltage during grid faults, the series voltage compensation architecture shown in 

Fig.3.10 is desired to inject an appropriate scv


 in the face of an up-stream voltage 

disturbance. The following section will study how to command the injected voltage scv


.  

During the normal grid voltage, the series compensator is held in an idle state to keep the 

losses to a minimum. The SW1 (shown in Fig.3.10) is always kept ON to bypass the 

series compensation system. Once any voltage sag is detected the series compensator 

switches into active state to operate as fast as possible and inject the required AC voltage 

to the PCC.  

Herein the main considerations for the control of the series compensator are consisted of 

real-time determination of the start and end of series compensation, voltage reference 

generation. 

 

3.5.1 Voltage sag detection 

The accuracy of the voltage sag detection significantly impact on the operating 

performance of the series compensator. Due to power quality enhancement for sensitive 

load application, the voltage sag detection method used is based on the root mean square 

(rms) value of the error vector, which allows for detection of symmetrical and 
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asymmetrical sags, as well as the associated phase jump [99]. Hence, the detection 

formula for starting the series compensation is given by 

Thresholdpccerror Vv ,


                                           (3.26) 

Here, the rms value of the voltage vector error on the PCC is  

pccplypccrefpccerror vvv ,sup,,


                                  (3.27) 

Where VThreshold is the maximum voltage error allowed on the PCC, where the wind 

turbine can still ride through by itself. Herein, pccrefv ,


 is the nominal PCC voltage and 

pccplyv ,sup


 is the real-time measured PCC voltage. The pccrefv ,


 is equal to the pccplyv ,sup


 

before faults happen.  

From (3.26), while the VThreshold is chosen as 0, the series compensator is immediately 

turned on when any slight sags happen. However, the wind turbine is not exactly like a 

sensitive power load. It is unnecessary to compensate the stator terminal voltage back to 

the pre-fault value when PCC voltage suffers slight sag. This is because the rotor-side 

converter usually has some amount of power margin for overcurrent/overvoltage 

operation. Hence, we will investigate how to select the appropriate VThreshold in the 

following paragraphs.  

In the conventional DFIG wind turbine, the rotor-side converter usually employs the 

IGBT as the semiconductor switching device. Its continuous current rating is determined 

by the steady-state load, while the overload capability could be exploited during transient. 

In theory, the maximum current switched by the device can be the peak pulse rating, as 

long as the junction temperature reached in the IGBT is permissible and the V-I switching 

trajectory is within the safe operating area (SOA). The pulse current rating of an IGBT is 

typically 100% higher than the continuous current rating. Therefore, the control objective 

of this study is to constrain the instantaneous rotor current below Ir,max, which is the 

maximum allowed rotor current by the device‟s rating. 

Herein, the PCC voltage vpcc,0 is changed to vpcc,1 after suffering a grid fault and thereby 

the stator terminal voltage is also changed from vpcc,0 to vpcc,1. Therefore, the pre-fault 
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stator and rotor voltage equations of (3.21) and (3.22) are rewritten after ignoring the 

stator resistance as 

0,10, Ev pcc


                                              (3.28) 

And                                         rrrrrrr jijXiREv 


 0,0,0,10,                             (3.29) 

The stator and rotor voltages during the fault period can be expressed as 

1,11, Evpcc


                                                (3.30) 

And                                     rrrrrrr jijXiREv 


 1,1,1,11,                          (3.31) 

Where, the subscript 0 and 1 in (3.28) ~ (3.31) depict the pre-fault and fault values, 

respectively. The rotating EMF rrj 


 of rotor circuit can be considered as constant 

during fault occurrence as shown in (3.23).  

Substituting rrj 


 from (3.23) into (3.29) and (6.31), then 

0,0,0, )( pccrrrr vsijXRv

                                   (3.32) 

0,1,1,1, )1()( pccrrrpccr vsijXRvv


                              (3.33) 

Considering the rotor voltage generated by the converter as same during fault period, then 

the pre-fault and fault rotor currents can be derived as, 

))(( 0,1,1,0, rrrrpccpcc iijXRvv


                         (3.34) 

Compared to the Xr, the Rr can be neglected, and the (3.34) can be simplified as 

)( 0,1,1,0, rrrpccpcc iijXvv


                           (3.35) 

Herein the voltage and current phasors in the pre-fault and fault condition are 

crrvpccpcc

rrpcc

IiVvFault

Iivfaulte









max,1,11,

000,
0

0,

,:

,01:Pr




                (3.36) 
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Where, 0
0, 01pccv

  is set as the reference phasor, 
0  can be arbitrary value from 0 to 2π. 

]2,0[  v
 is the phase angle of the fault PCC voltage. 

c  is also arbitrary value from 0 to 

2π. 

i
s

i
m

-(1-s)E
1

sE
1

v
r

0

Voltage drop

boundary

Vpcc,1

Maximum

Boundary

Initial rotor

current

boundary

i
r,max

i
r,0

Vpcc,0

v

c
0

 

Fig.3.16  Determination of the maximum allowed voltage drop on the PCC under the 

maximum rotor current Ir,max  

Substituting (3.36) into (3.35), the boundary of the maximum allowed voltage drop on the 

PCC can be constructed with the maximum rotor current Ir,max. Figure 3.16 illustrates the 

phasor diagram of PCC voltage and rotor current under this situation. From Fig.3.16, if 

the rotor current reached the boundary of the limitation, Ir,max, the stator voltage is then 

changed from vpcc,0 to vpcc,1 due to (3.35). Herein the vpcc,1 is the maximum allowed 

voltage drop on the PCC. With the different 
c , we can plot the boundary of the 

maximum allowed voltage drop on the PCC as shown in Fig.3.16. Hence, if the fault PCC 

voltage is at the right-side of the aforementioned boundary (the shadow area), the rotor 

current will never exceed the maximum current limitation Ir,max.  
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Fig.3.17  The maximum allowed PCC voltage drop boundaries along with different pre-

fault rotor current angle θ0 

On the other hand, since the different pre-fault rotor current angle 
0  also results in the 

different PCC voltage boundaries, a group of the voltage boundaries can be plotted. 

Figure 3.17 shows the boundaries of the maximum allowed voltage drop on the PCC 

under the different 
0 . In practice, it is difficult to predict the 

0  when the grid fault 

happen. Hence, in order to make sure the rotor current is within the limitation for all of 

the 
0 , the common-area of the aforesaid PCC boundaries is determined, as shown in 

Fig.3.17 by the shadowed area.  

Due to the above principle, if the PCC voltage is within the shadowed area, it is 

unnecessary to trigger the series compensator since the conventional DFIG can withstand 

this kind of grid faults. Once the PCC voltage exceeded the shadowed area, the series 

compensator is required to operate immediately; otherwise, the rotor converter will be 

overloaded. This provides a criterion to determine the aforementioned VThreshold.  
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3.5.2 Reference voltage generation for series compensator  
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Fig.3.18  Phase diagram of series voltage compensation under grid faults 

Once the (3.26) is satisfied, the series compensator is kicked into function. In ideal 

operation, the series compensator is desired to fully balance the voltage deviation on the 

PCC in order to maintain the voltage on the stator as the pre-fault value. Figure 3.18 

presents the phasor diagram of this operation. The other variables in the phasor diagram 

can still stay at the same place as the pre-sag occasion. The pre-fault voltage on the PCC 

is vpcc,0, and the fault voltage is vpcc,1. The reference of the series compensator is the 

voltage difference between vpcc,0 and vpcc,1 if we assume the ideal series transformer with 

1:1 ratio.  
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Fig.3.19  The series voltage Vsc related to fault PCC voltages Vpcc under different rotor 

current limitation  
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Consequently, the voltage rating of the series compensator under different rotor current 

limitations Ir,max can be plotted, as illustrated in Fig.3.19. It can be seen that the large PCC 

voltage drop is required to inject a high voltage from the series compensator. However, 

the series compensator is unnecessary to switch in and out frequently with the larger rotor 

current limitation as shown in Fig.3.19(b). In practice, the slight sag will have a relatively 

larger possibility to occur than the more severe sags. The appropriate selection for turning 

on and off the series compensation is important for the overall system performance.  

 

3.5.3 Advantages and Disadvantages of DFIG-Series compensator  

The main purpose of series compensator is to help DFIG ride-through grid faults and 

thereby enhance the ride-through ability of DFIG based wind turbine. A summary of the 

characteristics of the series compensated DFIG is listed as below: 

1. The series compensator is desired to compensate the voltage sag or swell of grid 

utility and thereby maintain the DFIG stator terminal voltage as normal under 

such fault conditions, which in turn, avoid the overcurrent phenomenon in the 

rotor circuit of DFIG. The significant advantage of the series compensated DFIG 

is able to protect the rotor-side partial power rating converter, which is easy to 

be damaged in the conventional DFIG system during severe grid faults.  

2. In theory, the series compensated DFIG is potential to deal with any kinds of 

grid faults, such as symmetrical and unsymmetrical faults. Herein, the 

symmetrical fault condition will be studied in the thesis. 

Besides the aforementioned advantages, the cost of the series compensator is the main 

challenge of the series compensated DFIG system. Normally, the series compensator is 

required to deal with active power as well as reactive power delivery, which is determined 

by the stator current phasor and sag voltage phasor on the PCC. The large active power 

current requires the series compensator has a large energy storage capacity, which in turn, 

results in the bulky volume of energy storage devices as well as high cost of the series 

compensator. To overcome the aforesaid constraint, an improved control scheme for the 

series compensator will be analyzed in the next section.  
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3.6 Improved ride-through control of DFIG-Series compensator 

Based on the aforementioned analysis in section 3.5, the ideal solution for the DFIG 

based wind turbine during a voltage dip would be a system that isolates the wind turbine 

from the voltage dip. The series compensator can provide this kind of function. However, 

the main drawback of the series compensator application is its high cost, compared to the 

crowbar protection. Moreover, the longer the voltage dip is, the larger the compensator 

energy storage capacity is required. Therefore, it will even increase the cost of the whole 

system. All of these inspire to seek solutions to reduce the capacity of the series 

compensator. In this section, a potential solution is introduced to reduce the energy 

capacity of the series compensator.  

The previous section contributes to analyze the voltage rating of the series compensator. 

The energy capacity of the series compensator will be analyzed in this section. The DFIG 

rotor current response related to the stator voltage is introduced in [100] as, 
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Where dri  and qri  are the rotor-side d- and q-axis components in the synchronous frame, 

respectively.  

According to (3.37) and (3.38), the transfer function between the rotor current and the 

stator voltage can be considered as a second-order model. While the generator suffered a 

grid fault, it seems the system occur a step-function input. Under the step-function of 

stator voltage, there is a significant oscillation on the rotor current response since the 

system damping coefficient, )( sss LR    is nearly zero. With inverse Laplace transform 

and sss LR  , the time-domain rotor current response under grid fault can be 

described as, 
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Where, k is the voltage drop severity. The detailed derivation of (3.39) and (3.40) are 

presented in Appendix A.   

The system response caused by linear ramp-function is usually smaller than that caused 

by step-function. This inspires to change the stator voltage from the step-function to 

ramp-function by injecting a ramp voltage from the series compensator. Hence, the 

improved control scheme for the series compensator can be arranged as follow.  

It is assumed that the DFIG is operating at the normal grid voltage pccfaultprev ,


 until a 

fault happen at time t0, and the PCC voltage pccfaultv ,


 during fault is returned to the 

normal value pccfaultpostv ,


 at time t1 after fault is removed. The pccfaultpostv ,


 may be not 

same as the pccfaultprev ,


 since the network topology can be changed after fault clearance.  

Consequently, as fast as the detection of the voltage drop on the PCC is beyond the limit 

in (3.26), we apply a voltage vector of the series compensator as, 
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Where, T  is the operating duration of the series compensator after detecting a grid fault. 

By compensating the voltage as expressed in (3.41) and (3.42), the stator voltage can be 

smoothed without any step-changes in terms of the amplitude and angle while the PCC 

voltage suffers a step change by the severe fault. In other words, the ramp-function 

voltage generated by the series compensator makes the stator voltage of DFIG as a ramp-
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function. The following paragraphs will explain how to select the T .  

When the voltage in (3.41) and (3.42) is injected, the DFIG stator terminal voltage is a 

ramp-function during grid fault. Thereby the rotor current response is calculated based on 

the inverse Laplace transformation,  
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The detailed derivation of (3.43) and (3.44) has been presented in Appendix A as well. In 

order to make (3.43) and (3.44) smaller than (3.39) and (3.40) respectively, the constraint 

are sT 1  and sT 2 . Hence, the T  is better to choose as  

s

T


2
                                                 (3.45) 

From (3.45), the T  is chosen as several cycles of the system frequency, which aims to 

limit the rotor current oscillation during fault periods. The larger T  is, the smaller the 

rotor current oscillation will be. However, the large T  will result in large energy 

capacity of the series compensator, since the DC-link capacity of the series compensator 

can be calculated by  

dtivVCE s
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t
sc
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0

0

2

2

1
                                    (3.46) 

Where V  is the maximum allowable voltage variation of the DC-link capacitor of the 

series compensator. C is the related capacitance. From (3.46), while the 
ssc iv

  is positive, 

the series compensator will absorb power to charge the DC-link capacitor. Otherwise, the 

capacitor will be discharged to provide the network real power. On the other hand, the 

size of the capacitor can be reduced by shorting the T  while the ssc iv

  is fixed. 

However, the determination of the T  has been presented in (3.45). 

Due to the series compensation concept, the original controller of the rotor-side converter 
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can still work without any damage during the fault period. The reactive power generated 

by the stator windings and the grid-side converter is still under control, which is helpful to 

recover the PCC voltage. This is unavailable with the crowbar solution. Hence the 

proposed architecture can provide a better characteristic to satisfy with the latest grid 

requirements.   

 

3.7 Simulation results for DFIG 

 

A detailed computer simulation of the DFIG based wind generation system is carried out 

in Matlab/Simulink as well as the ride-through demonstration of the proposed series 

compensator concept. Table 3.1 presents a list of numerical values of DFIG parameters, 

which is used in the simulation. The system operating waveforms from the simulations 

are presented in this section.  

Table 3.1  DFIG parameters 

Items Value 

Rated power 1.5 MW 

Rated frequency 50 Hz 

Stator voltage 575 V 

Stator resistance 0.007 p.u 

Rotor resistance 0.005 p.u 

Mutual inductance 2.9 p.u 

Stator leakage inductance 0.17 p.u 

Rotor leakage inductance 0.16 p.u 

Number of pole pairs 3 
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3.7.1 Simulation results for DFIG during normal operation  
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Fig.3.20  Wind turbine power characteristics used in the simulation 

Figure 3.20 shows the wind turbine power characteristic along with different turbine 

rotating speeds. Herein, the rated wind speed for this turbine is 12 m/s. When the wind 

speed is 12m/s, the desired rotor speed should be 1.2 pu in order to track the maximum 

power point of wind energy. Along with the decrease of wind speed, the desired rotor 

speed is generally reduced as shown in Fig.3.20. The pitch angle is set as zero when the 

wind speed is below the rated speed. However, once the wind speed is larger than 12 m/s, 

the pitch angle control is turned in function in order to limit the maximum power flowing 

into the generator. While the wind speed is larger than a cut-out speed, the power 

delivered by the turbine is regulated as zero. This is the principle of pitch control. 

Consequently, due to the power characteristics, the DFIG operating performance under 

different wind speeds is carried out, which will be given in the following paragraphs.  

Figure 3.21 shows the operating waveforms of the DFIG based turbine under different 

wind speeds. The wind speed has a step-up at time 2 s from 8m/s to 12m/s, and then a 

step-down from 12m/s to 8m/s at time 4 s. Figure 3.21 (a) shows the aforementioned wind 

speed profile. The generator speed is accordance with the wind speed in order to 

maximize wind power extraction. Figure 3.21(b) illustrates the generator speeds. 

Consequently, the corresponding power captured by the DFIG is also given in Fig.3.21 

(c). From Fig.3.21 (c), the reactive power output is always zero since the zero reference is 

Wind-speed 
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set. During the simulation, the DC-link voltage of the back-to-back converter is controlled 

as 1200 V, which is presented in Fig.3.21 (d). The rotor side current of the generator is 

shown in Fig.3.21 (e). The frequency of the rotor current is changed along with the rotor 

speed from the sub-synchronous speed to super-synchronous speed and finally back to the 

sub-synchronous speed. The magnitude of the current is generally increased with the rotor 

speed since the delivered power is increased.  
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Fig.3.21  DFIG operating performance under different wind speeds 
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Figure 3.22 shows the steady-state waveforms of the stator/rotor voltage and current at 

the 12m/s wind speed. Both the stator windings and rotor winding are delivered wind 

power into the utility grid. The 80% of wind power is delivered by the stator winding. 

And the slip power 0.2 pu is delivered by the rotor side converter and completely 

transferred to the grid-side converter if the loss on the DC-link is neglected. Figure 3.22 

(a) and (b) present the rotor voltage and current respectively. And the stator three-phase 

voltage and current are shown in Fig.3.22 (c) and (d), respectively.  
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Fig.3.22  The steady-state stator and rotor voltage/current waveforms 
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3.7.2 Simulation results for DFIG during faults  
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Fig.3.23  Stator/rotor voltages and currents in the conventional DFIG system 

Figure 3.23 shows the stator and rotor-side three-phase voltage/ current in the 

conventional DFIG system when suffering a balanced grid fault. The rotor speed is set at 

1.2 pu so as to maximize wind power capture according to the corresponding wind speed. 
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At time 3 to 3.2 s, the DFIG suffers a grid fault, which results in 85% voltage drop and no 

phase shift on the stator-side PCC. From Fig.3.23, the transient maximum currents of the 

stator and rotor windings appeared at the moment of voltage changes. At that time, the 

rotor current suffers a severe overcurrent, which is up to 3 times larger than the nominal 

value. It can be seen from Fig.3.23(c) that the rotor voltage is larger than the rated value, 

which is normally 0.3 pu. Hence, the rotor-side converter will be damaged if the stator 

voltage suffers this severe fault, however, the operator demands the DFIG should have the 

ability to ride through this kind of grid faults.  
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Fig.3.24  Feasible ride-through region of the conventional DFIG system under three-

phase balanced fault 

As mentioned in Section 3.6, the rotor-side converter is able to afford the transient current 

up to 2 pu since the semiconductor device characteristics. Herein, we assume the 

maximum rotor current limit is set as 2 p.u , applied in the following simulation. 

Figure 3.24 shows the maximum allowed voltage drop on the PCC under three-phase 

balanced fault, where the rotor current is not beyond the limitation. The phase shift of the 

PCC voltage is set as zero. From Fig.3.24, the stator voltage of the original DFIG system 

is allowed to drop to as low as 0.5 p.u, and the rotor current does not exceed the limitation 

of 2 p.u. In addition, the larger generator speed is, the lower voltage drop is allowed. For 

instance, if the slip speed is -0.2, the maximum voltage drop is 0.5 p.u (1-0.5=0.5p.u), in 

order to make the rotor-side current within the limitation. Once the voltage drop is larger 

than this value, the rotor current will exceed the 2 p.u limitation immediately.  

It can be found from Fig.3.24 that the serious condition of ride-through is occurred at the 

maximum slip speed. This is accordant to the analysis in Section 3.5. So this condition of 

the maximum slip speed is chosen to analyze the ride-through performance affected by 
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the post-fault voltage phase shift. Figure 3.25 shows the fault ride-through impact of the 

voltage phase shift during three-phase balanced faults. Along with the increase of the 

phase shift between the pre-fault and post-fault voltages, the maximum allowed voltage 

drop on the stator windings are reduced rapidly in the conventional DFIG system. From 

Fig.3.25, not only the amplitude of the voltage dip affects the ride-through performance, 

but also the phase shift of the stator voltage also results in the ride-through problem of the 

DFIG. The proposed series compensation solution is desired to balance both of the 

amplitude and angle of the PCC voltage.  
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Fig.3.25  Fault voltage phase shift impacts on the ride-through performance in the original 

DFIG system 

 

3.7.3 Performance of DFIG 

The simulation results of DFIG during normal and fault condition have been studied in 

Section 3.7.1 and 3.7.2 respectively. Based on the aforementioned results, this section 

will discuss the performances of DFIG, which can be classified into two main types: wind 

power delivery characteristics (e.g., MPPT) and grid compatibility (e.g., fault ride-

through ability).  

With the characteristic of mechanical power captured by turbine (as illustrated in Fig. 3. 

20), the DFIG is required to deal with the variable wind profile. To maximize the 

utilization of wind turbine, the MPPT feature of DFIG is one of the important factors to 

evaluate the performance of the wind generation system. Figure 3.21 is desired to 

evaluate the MPPT performance of the DFIG based wind turbine. Under the given 

variable wind speed, the rotor speed of the DFIG can be controlled at the optimized 
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reference speed, and thereby make DFIG tracking the maximum power point of wind 

power.   

On the other hand, it is better to extinguish the operating performance of DFIG during 

fault conditions before the enhancement is involved. The essential behaviors of DFIG 

under grid fault condition have been shown in Fig.3.23. It can be seen that the current in 

the rotor would be nearly 3 time of that in the normal operation when suffering the 

assumed fault mentioned in Section 3.7.2. Hence, the rotor-side converter will be 

damaged under the assumed fault if no any protection is provided. The simulation of the 

serried compensated DFIG will be carried out in the next section, and the simulation 

results in Fig.3.23 can be used as the comparison criterion for the developed series 

compensated DFIG.  

 

3.8 Simulation results for series compensated DFIG 

3.8.1 Simulation results for series compensated DFIG during normal operation 

During normal grid condition, the series compensator is bypassed by SW1 as illustrated in 

Fig. 3.10, and thereby the series compensator is at the “standby” status. Hence, the 

operation of the series compensated DFIG is similar to the original DFIG system as 

discussed in Section 3.7.1 during normal operation.  

 

3.8.2 Simulation results for series compensated DFIG during faults 

To verify the effectiveness of the ride-through enhancement of the series compensator, 

the proposed control scheme of the series compensator is implemented in the simulation. 

Figure 3.26 shows the operating performance of the DFIG with the proposed series 

compensation method. Herein, the compensation duration T  are chosen as 20ms 

according to the (3.45). When the PCC voltage is down to 0.15 p.u and no phase shift is 

involved. The PCC voltage is dropt at time 3s and recovered at time 3.2s, which is shown 

in Fig.3.26(a). Figure 3.26(b) shows the compensation voltage generated by the series 

compensator according to the proposed control scheme. Due to the compensation, the 
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stator voltage of DFIG is smoothed as Fig.3.26(c). The compensation solution not only 

smoothes the amplitude, but also smooth the angle shift of the PCC voltage. Figure 3.27 

shows the zoom in of the stator voltage with the compensation. There is no step change in 

terms of the amplitude and angle shift, which are the main causes of the overcurrent in the 

rotor windings.  

From Fig.3.26 (d) and (e), the currents of the stator and rotor windings are always within 

the limitation. Both the stator and rotor currents are much smaller than that in Fig.3.23. 

Hence, the proposed method is effective to ride through the severe grid faults without any 

crowbar circuits.  

From the viewpoint of the series compensator, Figure 3.26(f) presents the DC-link 

voltage of the series compensator. At the start point of the voltage dip, the power is 

absorbed by the compensator and thereby stored into the DC capacitor, which in turn, 

boost the DC voltage. Thus at the end point of the voltage dip, the compensator supplies 

the power and make the DC link voltage drop. However, within the one cycle of the 

voltage dip, the DC link voltage of the series compensator is back to the pre-fault value. 

There is no power change between the compensator and the wind turbine. The power 

captured by the turbine is stored in the mechanical rotating energy of the wind turbine 

rotor. Therefore, the rotor speed is increased as shown in Fig.3.26 (g).  

In Fig.3.26, the compensation duration ∆T is chosen as 20 ms, but the ∆T will impact on 

the size of the DC-link capacitance of the series compensator and the peak value of the 

rotor current. Figure 3.28 shows the relationship of the rotor peak current/ DC link 

capacitance of the series compensator versus the compensation duration ∆T. The voltage 

on the PCC in Fig.3.26(a) is supplied in this simulation. With the increase of the ∆T, the 

peak value of the rotor current can be reduced, however, the capacitance of the 

compensator will be larger. Herein, the maximum allowed voltage variation is chosen as 

600V and the pre-fault voltage is 1000V. The capacitance is calculated based on (3.46).  
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(g) 

Fig.3.26  Ride-through performance of the DFIG system with the series compensation 

method 
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(b) 

Fig.3.27  Zoom-in of the voltage compensation during transient fault 

Due to the series compensation, the original control of the DFIG controller can be 

operating as the pre-fault condition during the fault period. The PCC voltage fault can not 

affect the operating states of the rotor-side and grid-side converter. This makes the grid-

side converter generates reactive current independently. Figure 3.29 shows the reactive 

current of the grid-side converter during the fault period. It is utilized to recover the PCC 

voltage according to the latest grid code requirement.  
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Fig.3.28  The relationship of the rotor peak current/ DC link capacitance of the series 

compensator versus the compensation time ∆T 
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Fig.3.29  The control of the reactive current of the grid-side converter during the fault 

period 

 

3.8.3 Performance of series compensated DFIG 

The rotor-side current is an important indicator to evaluate the effectiveness of the series 

compensated solution under the given grid fault. From Fig.3.26, the fault currents in the 

rotor of the series compensated DFIG is controlled around the normal value, which is 

much smaller than that of the original DFIG in Fig.3.23. In other words, the rotor-side 

converter can be protected by the series compensator during the grid fault, and the ride-

through ability of DFIG wind turbine can be enhanced with the concept of series 

compensation.  

In addition, the energy storage capacity of series compensator would affect the system 

cost of the series compensated solution. The large energy storage will significantly 

increase the cost of series compensator, which in turns, increase the whole system 
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expense. The improved control of series compensator has been proposed in Section 3.6 to 

reduce the energy storage of series compensator and thereby reduce the system cost. In 

our proposed method, the series compensator is desired to provide the expected voltage 

only during the transient periods of grid fault happening and clearing. The effectiveness 

of the control strategy has been verified in Section 3.8.2 as well.  

 

3.9 Conclusion 

Enhancing ride-through capability under grid fault events has been recognized as a 

challenging problem of DFIG based wind generation systems. This chapter has presented 

the field oriented control and the grid voltage oriented control of DFIG for an in-depth 

understanding of the operation of DFIG. Then a ride-through solution, which was inspired 

by the series compensation device, has been proposed to enhance grid robustness of DFIG. 

The compensator is in series with the stator windings of DFIG and the general control of 

the series compensator aims to fully eliminate the impact of grid fault voltages. However, 

it is inevitable to increase the cost of the ride-through enhancement. Subsequently, an 

improved ride-through control scheme of the DFIG and series compensation has been 

developed to significantly reduce the energy capacity of the series compensator, which in 

turn, reduces the system expense. This is the significant contribution of this ride-through 

strategy. The developed series compensated DFIG has a stronger grid fault ride-through 

ability than that of the original DFIG. The performance of the designed architecture has 

been verified in simulation.   
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CHAPTER 4 

 

MODULATION AND ANALYSIS OF THREE-SWITCH BUCK-TYPE 

RECTIFIER BASED Z-SOURCE INVERTER  

 

4.1 Introduction 

 

Compared with DFIG, PMSG exhibits good ride-through and grid support performance 

because of its full scale converter. Hence the power electronics converter plays a 

significant role in the PMSG turbine in terms of reliability and power quality.  

This chapter presents an integration of a three-switch buck-type rectifier and a Z-Source 

inverter for PMSG, which can overcome the drawbacks of existing configurations as 

mentioned in Section 2.6.2. It is prerequisite to explore the integrated topology named as 

the three-switch buck-type rectifier with Z-Source inverter in terms of modulation, circuit 

analysis and validation before doing system-level integration for PMSG based wind 

turbine. Hence, the modulation, analysis and demonstration of the three-switch buck-type 

rectifier based Z-Source inverter will be introduced in this chapter with aims to clarify the 

essential behavior of the developed topology. Then the design methodology, the 

simulation studies and experimental validation of the proposed architecture for PMSG 

wind application will be presented in the next chapter.  

 

4.2 Derivation of the proposed topology for PMSG turbine 

 

In order to explore the suitable modulation strategy for the integration of Z-Source 

inverter and three-switch rectifier, this section will introduce the origin of the developed 

integrated topology, which can be deduced from the Z-Source inverter and indirect matrix 

converter (IMC).  

 

4.2.1 Principle of Z-Source inverter 
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Fig.4.1  DC Z-Source network diagram 

The DC Z-source network diagram is illustrated in Fig.4.1 [101]. An impedance network 

is coupled between a power source and an inverter circuit, with the impedance network 

being implemented using a split-inductor ( 1L  and 2L ) and capacitor ( 1C  and 2C ) 

connected in an X-shape. This unique impedance network allows the Z-Source inverter to 

buck and boost its output voltage, and also provides unique features that cannot be 

achieved in the conventional voltage source inverter (VSI). The inductors 1L , 2L , and 

capacitors 1C  and 2C  make up a symmetrical Z-Source network. Assuming that the 

inductors 1L  and 2L  and the capacitors 1C  and 2C  have the same inductance L  and 

C , respectively, the Z-Source network becomes symmetrical. The detailed operation 

modes of the Z-Source inverter will be discussed in Section 4.4.  

 

4.2.2 Principle of indirect matrix converter 
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Fig.4.2  Topology of a three-phase indirect matrix converter 

The topology of the IMC is shown in Fig.4.2 [102]. It realizes AC to AC direct power 

conversion without intermediate DC-link capacitor. The bidirectional switches in the 

front-end rectifier are used to block the input voltage source, and the two-quadrant 
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switches are applied in the back-end inverter. Space vector modulation (SVM) is 

simultaneously employed in both the front-end rectifier and the back-end inverter. The 

detailed modulation will be introduced in Section 4.3.   

 

4.2.3 Derivation of the three-switch buck-type rectifier based Z-Source inverter 

 

The Z-Source network shown in Fig.4.1 can be introduced into the IMC (Fig.4.2) such 

that the integrated topology can exhibits both the advantages of the aforementioned two 

topologies. Figure 4.3 shows the integration of Z-Source network and IMC. The proposed 

topology is able to boost the average DC-link voltage in order to provide higher load 

voltage when required. In Fig.4.3, the switches in the rectification stage are implemented 

using four-quadrant switches [103], and the switches in the inversion stage are each 

implemented with an IGBT and an anti-parallel diode. In this topology, the diode D in the 

DC-link is utilized for safe commutation of four-quadrant switches in the front-end 

converter.  
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Fig.4.3  Integration of IMC and Z-Source network 

Nevertheless, it is noted that the commutation diode D in Fig.4.3 can be replaced by the 

front-end bridge leg. Moreover, the DC-link voltage of the topology in Fig.4.3 must have 

a fixed polarity, but the front-end four-quadrant switch of the front-end rectifier is able to 

operate with both positive and negative DC-link voltage polarities. All of these inspire to 

simplify the integration of the IMC and Z-Source network by reducing the front-end 

circuit complexity. Consequently, the simplification principle is illustrated in Fig.4.4. One 

bridge-leg of the front-end circuit is shown in Fig.4.4(a), and if only positive DC-link 

voltage and current are required, the actual useful semiconductors are presented in 
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Fig.4.4(b) with solid-line. The other two switches 1paS  and 1naS , shown with dot-line, 

are used to flow negative DC-link current. To simplify the topology, the function of 2paS  

and 2naS  are replaced by the structure in Fig.4.4(c), where the control signals of switch 

2paS  and 2naS  are same. Considering the same function of 2paS  and 2naS , the final 

compact bridge leg is shown in Fig.4.4(d), where the switching signal of the merged 

switch is synthesized by an „OR‟ operator of 2paS  and 2naS .  
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(a)                (b)                     (c)                   (d) 

Fig.4.4  Simplification of one-leg in the front-end converter  

(a) front-end bridge leg structure  (b) for modulating Positive DC-link voltage  (c) 

simplified circuit of (b)  (d) derived compact bridge leg 

Consequently, the two simplified AC-AC Z-Source inverter topologies are presented in 

Fig.4.5. The commutation problem in the two derivatives can be solved easily since the 

absence of four-quadrant switches. The actual control of raS , rbS  and rcS  (Fig.4.5) is 

synthesized by utilizing the principle depicted in Fig.4.4. Due to the so-call sparse matrix 

converter [104], the topology shown in Fig.4.5(a) is named as Z-Source sparse converter, 

which has the same functionality as the topology shown in Fig.4.3. Bidirectional power 

flow can be implemented in these two topologies.  

However for applications where only unidirectional power flow is required, e.g. wind 

turbine generation, the three-switch buck-type Z-Source inverter presented in Fig.4.5(b), 

is a good alternative since it has the simplest architecture with buck-boost capability and 

low current distortion. Moreover, it has the highest reliability since there is no shoot-

through risk in both front-end and back-end circuits. The shoot-through The system 
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integration of this topology for PMSG based wind turbine will be discussed in the next 

chapter. 

The front-end converter is used to control the input power factor and serve as the power 

source of the back-end Z-Source inverter. As explained in Fig.4.4, the switching signal of 

the switch Sra, Srb and Src in Fig.4.5 can be synthesized by an „OR‟ operator of Sr1 and Sr2, 

Sr3 and Sr4, Sr5 and Sr6, respectively. In order to control input power factor flexibly, space 

vector modulation is adapted to generate the control signals for Sri (i=1, 2, … , 6), which 

will be discussed in detail in the next section. On the other hand, the modulation of back-

end Z-Source inverter should be coordinated with the front-end rectifier, especially the 

control of shoot-through mode. Hence, Section 4.3.3 will explain the synthesized 

modulation of the front-end converter and back-end inverter.   
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(a) Topology of Z-Source sparse converter   
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(b) Topology of three-switch buck-type Z-Source inverter 

Fig.4.5  Two derivatives of the proposed IMC based Z-Source inverter  
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4.3 Operation and Modulation of three-switch rectifier based Z-Source inverter 

 

This section will introduce the modulation scheme for the three-switch buck-type rectifier 

based Z-Source inverter. Since the derivation of this converter is based on the IMC. 

Hence the SVM modulation for the IMC can be used for the control of the derivative 

converter. Herein, the modulation of IMC will be presented.  

 

4.3.1 Space vector modulation 

 

Implementation of SVM for the matrix converter has been discussed in [105], where the 

similar strategy can be used for IMC. The input current of the front-end rectifier is 

modulated by current-SVM to attain controllable input power factor. Voltage-SVM is 

applied in the back-end inverter to modulate three-phase output voltage. The synthesis of 

the simultaneous output-voltage and input-current SVMs for controlling the IMC are 

performed. The control principle of the IMC is introduced via front-end rectifier and 

back-end inverter, respectively.  
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Fig.4.6  Input current space vector modulation of the front-end rectifier 

The six switches of the rectifier stage can be divided into nine switch modes as shown in 

Fig.4.6. These nine modes are relevant to nine static space current vectors which include 

six non-zero-vectors and three zero-vectors. The three-phase instantaneous input current 

can be transformed into rotating current space vectors by Park transformation. The 

rotating vector can be modulated by the six non-zero-vectors and three zero-vectors. For 
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example, when the vector is in a particular segment, it can be synthesized by two static 

vectors of this interval. So the input current vector can be expressed as: 

0 0iR iI d I d I d I                                              (4.1) 

Where, sin(60 )s i scd T T m      , sins i scd T T m     , 0 0 1i i sd T T d d     , 

sc is the input current vector angle， im  is the modulation index of the front-end 

rectifier， sT  is the switching period，T 、T 、 0iT are the turn-on time of different 

current vectors in one switching period， d 、 d 、 0id  are the corresponding duty-

cycles, respectively. 
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Fig.4.7  Space vector representation of the back-end inverter 

The back-end inverter is a conventional voltage source inverter (VSI). Among all the 

switches combinations, there are six non-zero-vectors and two zero-vectors shown in 

Fig.4.7. The rotating output-voltage vector can be modulated by the six non-zero-vectors 

and two zero-vectors. Hence, the resulting output voltage vector can be described as:  

0VdVdVdV ov


                                   (4.2) 

Where, )60sin(/ svvs mTTd   , )sin(/ svvs mTTd   , and  dddov 1 . sv  

is the output-voltage vector angle, vm  is the modulation index of the VSI.  
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4.3.2 Control of indirect matrix converter 

 

To obtain a correct balance of the input currents and output voltages in the same 

switching periods, the modulation pattern should produce all combinations of the 

rectification ( 0 ) and inversion ( 0  ) switching states, resulting in the 

following switching pattern: 0  . Each sequence duty-cycle is a cross-

product of the rectification and inversion duty-cycles, while zero-vector duration 

completes the switching sequence: 

)60sin()sin(

)sin()sin(

)sin()60sin(

)60sin()60sin(

svsc

svsc

svsc

svsc

mddd

mddd

mddd

mddd

























                       (4.3) 

Where, vi mmm   is defined as the modulation index of IMC. For simplification, it is 

convenient to choose 1im  and vmm  .  
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Fig.4.8  Switching modes synthesis of the IMC 

During the remaining part of the switching cycle (1- d - d - d - d ), we can utilize 

the zero-vector, either from the rectification stage (three zero-vectors) or inversion stage 

(two zero-vectors). Hence, there are totally five zero-vectors available in the IMC. Note 

that only three zero-vectors are available in the conventional MC. This is the most notable 

difference in modulation between the IMC and conventional MC. To make the averaged 

DC-link stage voltage of the IMC constant, the switching sequence shown in Fig.4.8 is 

utilized. The corresponding duty-cycles can be calculated by: 



Chapter 4  Modulation and analysis of three-switch buck-type rectifier based Z-source inverter 

93 

)]30cos(1[

)]30cos(1[)sin(

)]30cos(1[)60sin(

0

00

00

sci

svscvv

svscvv

md

mddd

mddd

















                (4.4) 

Where, vd 0 , vd 0  are the duty-cycles while the zero voltage-vector of the inversion stage 

and the nonzero current-vector of the rectification stage are performed simultaneously. 

id0  is shown in (4.1).  

To evaluate the DC-link voltage of the IMC, we take the input current-vector in the 

interval I [105] as an example. Based on the duty-cycles in (4.3) and (4.4), the DC-link 

voltage can be expressed as:  





dVdV

dddVdddVV

acab

vacvabpn



 )()( 00

              (4.5) 

Together with (4.3) and (4.4), (4.5) can be rewritten as: 
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Where, va, vb, vc are three-phase input voltages, Vim is the amplitude of the input phase-

voltage and i
  is input power factor angle. Assuming that the input power factor is unity, 

maximum DC-link voltage can be obtained. Similarly, the voltage waveform in the other 

five segments can be deduced.  

 

4.3.3 Modulation of the developed converter 

 

With the principle of simplification in Fig.4.4, the control principle is easily expanded to 

the developed Z-Source inverters. Figure 4.9 shows the switching sequence of the 

proposed Z-Source inverters within a switching period sT . During the duration of sTm  , 

the SVM approach is applied to modulate the converter. Then the shoot-through state of 

the converter is arranged in the zero-vector interval ( sTm  )1( ). The detailed switching 

modes will be analyzed in Section 4.4. The subsections in d0i is also required similar in du 
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and dv in order to obtain a good performance of input current. The related duty-cycles can 

be expressed as, 
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Fig.4.9  Switching sequence for the developed Z-Source topology 

On the other hand, turning-on the switches in the front-end circuit of the three-switch 

buck-type Z-Source inverter will make it as the diode front-end Z-Source inverter of 

[106]. Doing this makes it impossible to modulate good line-side current. However, this 

provides a robust operation characteristic of the three-switch buck-type Z-Source 

converter since shoot-through is allowed. 

 

4.4 Circuit analysis of the developed Z-Source inverter 

 

U
pn

Front-end

Rectifier
Z-Source Back-end

Inverter
L

1

L
2

C
1

C
2

To AC Load

or Motor

 

Fig.4.10  Reduced circuit of the developed Z-Source inverter 
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As viewed from the Z-Source network, the front-end rectifier can be modeled as an 

averaged DC Voltage source with high frequency harmonics. So the DC-link voltage can 

be expressed as (4.6). We take the current-vector in the interval I as an example to further 

explain the operating principle and operating modes. When the input current-vector is 

located at the Interval I, the switches 1rS  and 4rS  conduct as a pair ( I


) and thereby the 

Z-Source input voltage is fed by abV . Then the switches 1rS  and 6rS  conduct as a pair 

( I


) and thereby the DC-link voltage is acV . Finally the switches 1rS  and 2rS  conduct as 

a pair (Zero-vector) and the DC-link voltage would be zero (short-circuit). As a result, the 

proposed Z-Source inverters are reduced to the basic Z-Source inverter, as shown in 

Fig.4.10.   

 

4.4.1 Equivalent circuit analysis 

 

From the reduced circuit, there are three operation modes in terms of the back-end 

inverter bridge‟s different switching states. 
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Fig.4.11  Equivalent circuit modes of the developed Z-Source inverter 
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Mode I 

The inversion stage is operating in one of the six traditional non-zero-vectors, thus acting 

as a current source ( 0i ) viewed from the Z-Source circuit. The DC-voltage of the Z-

Source network can be abV , acV  or 0 which is depended on the input current-vector 

applied. Figure 4.11(a) shows the circuit of this mode. In the conventional AC-DC-AC 

converter, the front-end rectifier may not conduct depending on the DC capacitor voltage 

level. However, the Z-Source network always forces the front-end rectifier to support the 

difference between the inductor current ( LI ) and inverter DC current 0i , namely 02 iI L  . 

Both inductors have an identical current value because of the circuit symmetry.  

Mode II 

The back-end inversion bridge is operating in one of two zero voltage-vectors and 

shooting through either the upper and lower three switches, thus acting as an open circuit 

viewed from the Z-Source network. Figure 4.11(b) shows the circuit of this mode. The 

voltage drop on the inductor would not be a constant which is dependent on the actual 

value of the pnV . This is the difference between the Z-Source network applied in the IMC 

and the conventional inverter. The current in the inductor will therefore be following in 

nonlinear form.  

Mode III 

The back-end inversion stage is operating in one of the seven shoot-through states. 

During this mode, all the bidirectional switches in the front-end rectifier are off, 

separating the DC-link from the AC line. In the three-switch buck-type Z-Source inverter, 

the AC line is automatically separated by the front-end diode. Figure 4.11(c) shows the 

circuit of this mode. Depending on how much a voltage boost is needed, the duration of 

the shoot-through state is determined.  

Due to the switching principle presented in Fig.4.9, the corresponding switching modes of 

the Z-Source inverters are presented in Fig.4.12.  
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① When ],[ 10 ttt , the Z-Source inverter is operating at Mode II. One of two non-zero 

input current-vectors is applied. The inductor voltage )(1 abCL VVV  , and thereby the 

inductor current is dropping. The output voltage of the Z-Source network is 

abC VVV  20
.  

② When ],[ 21 ttt , the Z-Source inverter is operating at Mode I. One of two non-zero 

input current-vectors is applied. The inductor voltage is )(1 abCL VVV  , and the output 

voltage of the Z-Source network is abC VVV  20 .  

③ When ],[ 32 ttt , the Z-Source inverter is operating at Mode I. Another of the two 

non-zero input current-vectors is applied. The inductor voltage is )(1 acCL VVV  , and 

thereby the falling rate of the inductor current is changed. Thus the output voltage of the 

Z-Source network is 
acC VVV  20

.  

④ When ],[ 43 ttt , the Z-Source inverter is operating at Mode II. Another of the non-

zero input current-vectors is applied. The inductor voltage is )(1 acCL VVV  , and the 

output voltage of the Z-Source network is acC VVV  20 .  

⑤ When ],[ 54 ttt , the Z-Source inverter is operating at Mode I. The zero input current-

vector is applied. The inductor voltage is CL VV 1 , and the output voltage of the Z-

Source network is 
CVV 20  .  

⑥ When ],[ 65 ttt , the Z-Source inverter is operating at Mode III. This is the shoot-

through state. During this period, all the switches in the rectification stage are off, 

separating the DC-link from the input AC supplies. The inductor voltage is 
CL VV 1

, and 

thereby the inductor current is increasing. The output voltage of the Z-Source network is 

00 V .  
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Fig.4.12  Operating waveforms of the Z-Source inverters 

 

4.4.2 Obtainable voltage transfer ratio 

 

From the symmetry and the equivalent circuits, we have 

CCC VVV  21   and   LLL vvv  21                            (4.8) 

The average voltage of the inductors over one switching period ( sT ) should be zero in 

steady state. Thus we have 

0

)1()()( 0






s

sCiCacCabC
LL

T

TmVTVTVVTVV
vV



                (4.9) 

Utilizing (4.7), then (4.9) can be rewritten as  

12 


m

m

V

V

pn

C
                                         (4.10) 

Where, pnV  is the DC-link voltage expressed in (4.6), ]1,0[m  is the modulation index 

of the proposed Z-Source inverters.  

Consequently, the average DC-link voltage across the inversion stage can be found as: 
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Together with (4.7) and (4.10), the (4.11) can be rewritten as 
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Furthermore, we define the peak phase-voltage of the inversion stage as omV , and 

substituting pnV  from (4.6) into (3.12), the obtainable voltage transfer ratio is derived as 

i

im
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m

m

V

V
cos

2

3

12



                                       (4.13) 

Where, i  is the input power factor angle.  

 

4.5 Simulation and experimental verification 

 

The integration of the three-switch buck-type rectifier and the Z-Source inverter is 

modeled with the developed modulation scheme. The simulation study is set up with the 

parameters shown in Table 4.1.  

Table 4.1  Parameters of the three-switch buck-type rectifier based Z-Source inverter 

Items Value 

Input AC source 120V/ 50 Hz (line-to-line RMS) 

Commanded output voltage 220V/ 25Hz (line-to-line RMS) 

Load resistance 30   

Load inductance 25 mH 

Input power factor 1 

Switching frequency 5 kHz 

Inductor L1 and L2 3 mH 

Capacitor C1 and C2  470 uF 

 

4.5.1 Simulation results 
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All the simulation has been performed by the output second-order filter with cutoff 

frequency of 1 kHz. By inserting the shoot-through modes, the magnitude of the output 

line-to-line voltage was boosted to 220V rms and was confirmed by the sinusoidal 

waveform (Fig.4.13 (a) and (b)). During the simulation, the modulation index m was set 

as 0.65 in order to obtain the commanded output voltage. Thus the traditional MC cannot 

produce 220V rms since the limit of voltage transfer ratio at 0.866. Figure 4.14 shows the 

Z-Source network capacitor voltage and the inductor current. The capacitor voltage has 

been boosted to 317.5V. The traces of 
1CV  and 

2CV  coincided with each other and so did 

the two inductor currents 1Li  and 
2Li . The equivalent DC voltage across the back-end 

inverter, 
0V  was boosted to 311 V (which was illustrated from the output phase-voltage 

shown in Fig. 4.13).  

Figure 4.15 shows the input waveforms of the Z-Source inverter. The desired unity input 

power factor is obtained. Figure 4.15 (b) and (c) present the input phase current 

waveforms before and after the input filter. Unlike the diode front-end Z-Source inverter 

[106], the developed converter still exhibits the good input current performance of IMC.  
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Fig.4.13  Simulation results of output voltage and current with shoot-through 

(a) Phase voltages  (b) Phase A PWM voltage  (c) Phase A load current 
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Fig.4.14  Simulation results of DC-link voltage and current waveforms with shoot-

through 

(a) Z-Source capacitor voltage  (b) Z-Source inductor current 
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Fig.4.15  Simulation results of input voltage and current waveforms with shoot-through 

(a) input Phase a voltage  (b) input Phase a current before input filter  (c) input Phase a 

current after input filter 
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4.5.2 Experimental results 

 

 

Fig.4.16  Photograph of the prototype of three-switch buck-type Z-Source inverter 

A laboratory prototype of the three-switch buck-type Z-Source converter has been 

constructed to demonstrate the aforementioned modulation. The switching times and 

switch vectors are calculated by Dspace 1103 and then transferred to CPLD (Altera 

EPM7128) that generates each of the switch gate signals. The physical arrangement of the 

converter, which includes all power devices, gate drives, passive components and control 

boards can be seen from the photograph in Fig.4.16. 

Experimental measurements of the topology have been made on the input currents and 

voltages, Z-Source network voltages and currents, and the output voltages. The operating 

conditions in Table 4.1 are also applied to conduct the corresponding experiments. Figure 

4.17 and 4.18 show the experimental results of the DC-link voltage and output voltages 

under non-shoot through condition, respectively. It can be seen from Fig.4.17 that the 

instantaneous DC-link voltage is switched to abv  for a duration of 
060 . This is followed 

with the control principle of IMC. The average DC-link voltage is equivalent to a constant, 

which serves as the input of the Z-Source network. Figure 4.18 shows the unfiltered 

output voltage, filtered voltage and current flowing in the RL load. The output current is 

sinusoidal and has a fundamental frequency according to the command. However, the 

voltage transfer ratio, which is theoretically limited to 0.866, is actually even lower as 

seen in Fig.4.18. All the experiments have been performed by a second-order filter with 

cutoff frequency of 1 kHz, which is similarly used in the simulation study. 
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(Channel 1: DC-link voltage of the front-end circuit, Channel 2: Line-to-line voltage of abv ) 

Fig.4.17  Experimental results of DC-link voltage and current waveforms without shoot-

through 

 

(Channel 1: PWM based Phase A voltage, Channel 2: Phase A voltage after filter, Channel 3: Load 

current on Phase A) 

Fig.4.18  Experimental results of output voltage and current waveforms without shoot-

through 

Figure 4.19 and 4.20 show the experimental results of the Z-Source network voltage and 

current, the output voltage and current waveforms, respectively. Herein, the modulation 

index m is generally reduced from 1, which means the shoot-through duration is increased, 

until the output voltage meets the commands. From Fig.4.19, the Z-Source capacitor 

voltage has been boosted to nearly 320V, compared to the DC-link voltage of 150V from 
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Fig.4.17. Thereby the output voltage has been boosted to the commanded voltage. From 

Fig.4.20, the output current is still sinusoidal and has met the commanded frequency 

although the shoot-through states are inserted into the back-end inversion bridges. 

Therefore, the three-switch buck-type Z-Source inverter is successfully operating as a 

buck-boost AC-AC power converter. Figure 4.21 shows the supply-phase voltage, the 

modulated supply-phase current and near-sinusoidal filtered current waveforms. From 

Fig.4.21, sinusoidal input current is achieved and unity power factor control is possible.  

 

(Channel 1: Z-Source capacitor voltage, Channel 2: Z-Source inductor current) 

Fig.4.19  Experimental results of DC-link voltage and current waveforms with shoot-

through 

 

(Channel 1: PWM based Phase A voltage, Channel 2: Phase A voltage after filter, Channel 3: Load 

current on Phase A) 

Fig.4.20  Experimental results of output voltage and current waveforms with shoot-

through   
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(Channel 1: input Phase a voltage, Channel 2: input Phase a current before input filter, Channel 3: 

input Phase a current after input filter) 

Fig.4.21  Experimental results of input voltage and current waveforms with shoot-through   

 

4.6 Comparison of simulation and experimental results 

 

In order to completely evaluate the system performance, it is necessary to compare the 

simulation and experimental results in terms of several performance parameters, such as 

power factor, THD, ripple on the DC link.  

Numerical simulation normally consists of ideal operating conditions, i.e., the ideal 

components/switches, fast-enough control processor, real-time sampling without delay, 

and no measurement and calculation error and so on. However, in the lab-based prototype, 

the power semiconductor switch, i.e., IGBT, is definitely not like the ideal switch used in 

the simulation. The real switch has switching loss, reverse current, internal resistance and 

so on, and all of these non-ideal factors will impact on the system performance. In 

addition, digital signal processor (DSP) is widely used in experimental verification, and 

the sampling time is limited by the processing speed of the used DSP.  

Bearing all these in mind, the performance of simulation is better than that of 

experimental studies in terms of power factor control, THD of input current, and DC-link 

voltage ripple. The input current distortion in the experimental results is larger than that in 

the simulation, and thereby the input power factor control in experiment is better than that 
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in simulation as well. In addition, the parasite parameters in the prototype also impact on 

the DC-link voltage, which can be found from the simulation and experimental studies. 

 

4.7 Conclusions 

 

This chapter discussed the development of the three-switch buck-type rectifier based Z-

Source inverter and the proposed modulation scheme has been presented in detail. All 

these are the prerequisite conditions to apply the developed converter for any WTG 

configuration which requires full power converter. The simulation studies and 

experimental results have verified the concept of integrating the three-switch rectifier 

with a Z-Source inverter. From the aforesaid results, the developed converter exhibits 

good reliability due to shoot-through allowance and less power semiconductor switches 

compared with the conventional back-to-back topology. The detailed design methodology 

and verification of the proposed architecture for PMSG application will be discussed in 

the next chapter.   
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CHAPTER 5 

 

DESIGN OF A ROBUST PMSG TURBINE SYSTEM BASED ON THE 

DEVELOPED TOPOLOGY 

 

5.1 Introduction 

 

The modulation, analysis and demonstration of the three-switch buck-type rectifier based 

Z-Source inverter have been introduced in Chapter 4. This chapter presents the design of 

a robust PMSG wind turbine based on the aforementioned topology. Figure 5.1 shows the 

proposed PMSG based wind generation system, which provides high reliability, low 

capital cost, and harmonic-free characteristics in both generator and grid sides.  

From Fig.5.1, the wind power captured by the turbine is converted by the PMSG and 

transferred to the grid via a three-phase three-switch PWM buck-type rectifier in series 

with a Z-Source inverter. The detailed power circuit is illustrated in Fig.5.2, which has 

been analyzed in Chapter 4. The main function of the generator-side PWM rectifier is to 

regulate the power factor of PMSG and to ensure sinusoidal generator currents. A small 

LC input filter can be designed to absorb the high frequency harmonics injected into the 

generator by the rectifier switching action. The grid-side inverter serves as a grid power 

interface to connect PMSG with network utility. The detailed generator-side and grid-side 

control scheme will be discussed in this chapter.   

Gen

PMSG
Grid

Rectifier Z-Source Inverter
 

Fig.5.1  Proposed PMSG based wind generation system 
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Fig.5.2  Three-switch buck-type rectifier based Z-Source inverter for PMSG 

 

5.2 Generator-side (PMSG) control principle  
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(b) 

Fig.5.3  Equivalent circuit and phasor diagram of the PMSG 

(a) equivalent circuit  (b) phasor diagram 

The control strategy for the generator-side converter (the three-switch buck-type rectifier) 

is discussed based on the equivalent circuit and phasor diagram of PMSG illustrated in 

Fig.5.3. The generator terminal voltage serves as the input voltage to the rectifier, termed 
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as inV


, which is equal to the machine back-EMF sE


 minus the voltage drop in the 

machine impedance (Rs+jXs). From the equivalent circuit, the steady-state equation of 

PMSG can be expressed as 
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Where, Rs, Lsd and Lsq are the PMSG stator resistance, direct-axis and quadrature-axis 

inductances, respectively. ω r is the generator speed, p is the PMSG pole pairs and 

λpm=LmIpm is the permanent magnetic flux. Herein, two control schemes: unity power 

factor control and Id=0 control, are discussed in this section.  

 

5.2.1 Unity power factor control of PMSG 

 

From Fig.5.3, the angle φi between the PMSG terminal voltage and the generator stator 

current is equal to the input power factor angle of the three-switch buck rectifier, 

assuming small capacitance of the filter. Unity power factor control of the rectifier can be 

implemented by making the stator current vector follow the measured terminal voltage 

vector. That means the angle φi is kept at zero, which means the rectifier can be treated as 

an equivalent „resistance‟ load of the PMSG. Thereby the generator current harmonics 

can be reduced and the generator efficiency can be improved compared to the 

conventional diode-rectifier topology, where the sinusoidal generator current cannot be 

achieved.  

With unity power factor control, the overall volt-ampere of the front-end rectifier would 

contribute to the active power transfer and thereby reduce the power rating of the 

proposed configuration. This would lead to a smaller size and hence reduce the cost of 

power circuit, which is one of the significant considerations for MW-level wind turbine 

design.  

 

5.2.2 Id=0 control of PMSG 
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The Id=0 control is applied to improve the efficiency of machine. With this control, the 

machine torque is coordinated with the magnitude of the q-axis current, while the d-axis 

current is always kept as zero (Id =0).  

According to the rotor flux oriented strategy, the stator current vector should always be 

kept aligned with the back EMF of PMSG. In other words, the torque angle δ should be 

controlled as,  

δ = 90
0
                                                 (5.2) 

Equation (5.2) denotes the fundamental principle of Id=0 control. The input power factor 

of the front-end rectifier can be flexibly adjusted by changing current space vector angle. 

Specifically, the reference of the current-vector is easily obtained by utilizing rotor 

position signal of the PMSG with a constant angle bias (90
0
).   

 

5.2.3 Optimized control strategy of PMSG 

 

The Id=0 control can provide the maximum torque per ampere. However, for the Id=0 

control, the maximum available speed is limited to a base value, which depends on the 

DC-link voltage and machine back EMF. Alternatively, this limitation can be explained 

using the power factor angle φi of the Id=0 control, which can be derived from (5.1) as,  
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From (5.3), the power factor deteriorates with increasing rotor speed as well as with 

increasing stator current. This control results in a relatively low power factor of PMSG, 

especially at the rated power and overload operation [69]. Therefore, the lower the power 

factor, the higher the DC-link voltage is required in order to keep the same torque. Once 

the DC-link voltage is selected, the low power factor results in the reduction of the speed 

operating range.  
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The unity power factor control means that it is still able to increase the voltage for wider 

range of speed operation before reaching the base value, while the machine torque is kept 

constant. Consequently, the base operating speed range can be extended significantly 

compared to the Id=0 control. This principle is similar to the field weakening control of 

motor drive. However, this control strategy is not optimal in terms of efficiency as 

compared to the Id=0 control. The fundamental machine loss is also evaluated by the 

generator torque angle δ, which can be derived from (5.1) as, 
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From (5.4), the δ can be more than or less than 90
0
 with increasing stator current. A 

torque angle larger than 90
0
 will result in an increase of flux linkage contributing to 

machine saturation. Hence, the torque per ampere is less than one, indicating that the 

unity power factor control is not optimal in terms of torque generation. The efficiency 

will be reduced by the increased copper losses for generating the same torque.  

In order to obtain both maximum efficiency and maximum torque per ampere, it is 

preferable to incorporate the Id=0 control with the unity power factor control, specifically: 

the Id=0 control is used before reaching the base speed, while the unity power factor 

control is selected after this base speed.   

In order to determine the speed boundary, the system real power P is expressed as 

ii IVSP  coscos                                (5.5) 

Where, V and I are the system rating voltage and current, respectively. S is the system 

apparent power. The curve of the power factor angle φi versus the real power can be 

calculated by (5.3) with the PMSG parameters. From (5.5), we can obtain the relation 

between the real power and apparent power. Herein, if the S is set as 1 p.u, the boundary 

real power can be determined. Therefore, the speed boundary can be derived from the 

speed-power relationship, which will be introduced in the following section. 

 



Chapter 5  Design of a robust PMSG turbine based on the developed topology 

112 

5.3 System control scheme considering turbine characteristics 

 

5.3.1 Maximum power point tracking 

 

Due to the horizontal wind turbine, the mechanical power captured by the turbine can be 

expressed as [107] 

35.0 wpm ACP                                         (5.6) 

Where, ρ is the air density, A is the swept area of wind turbine, vw is the wind speed, and 

Cp is the power coefficient defined as a function of the tip speed ratio λ=ωrR/vw, ωr and 

R are the rotor speed and radius of wind turbine respectively. Figure 5.4 shows the 

relation between generator speed and output power according to wind speed change. 

Herein the rated wind speed is 16 m/s. It is observed that the maximum power tracking 

point (MPPT) occurs at different generator speeds for different wind speeds.  
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Fig.5.4  The turbine power output versus the generator speed under different wind speeds 

According to (4.10), the capacitor voltage of the Z-Source network can be rewritten as  

pnCCC V
D

D
VVV

21

1
21




                               (5.7) 

Where, D=Tst/Ts is the shoot-through duty-cycle. The shoot-through of the Z-Source 

inverter is desired to be controlled in order to achieve variable speed operation of the 

system. The terminal voltage of PMSG is decided by the generator speed. So the input 

voltage of the Z-Source network Vpn also relies on the speed of PMSG. In other words, 

the control of generator speed can be implemented by regulating the Vpn. From (5.7), Vpn 

Wind-speed 
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can be adjusted by changing duty-cycle of shoot-through state while the capacitor voltage 

VC is kept constant. The capacitor voltage can be controlled as a constant by regulating 

the active power delivered to the grid.  

With the capacitor voltage regulated, the relation between shoot-through duty-cycle and 

generator speed can be derived from (4.6) and (5.7) as 

ir

c

k

V

D

D
m

 cos5.121

1





                               (5.8) 

Where, k is the back EMF constant of PMSG. From (5.8), the generator speed ωr can be 

regulated by the control of D. The corresponding system control scheme for MPPT is 

depicted in Fig.5.4. Herein the MPPT is based on wind-speed measurement. Using the 

measured wind speed, the required rotor speed (optimized speed) for maximum power 

generation is computed. Then the actual rotor speed is also measured and compared to the 

calculated optimal rotor speed, while the resulting error is used to control the grid 

interface system. In this study it is designed to regulate the shoot-through duty-cycle in 

order to control the speed.  
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Fig.5.5  System control diagram of the developed PMSG wind generation system 
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The PMSG control scheme is presented in Fig.5.5. Any of the two different control 

schemes mentioned are utilized to control the PMSG, which is decided by the wind power 

obtained from (5.5). The Z-Source inverter serves as a power interface to feed captured 

wind power into the grid. The detailed vector-control of the grid-side inverter is given in 

the next section.   

 

5.3.2 Control of power delivered into grid 

 

The dynamic model of the grid connection when selecting a reference frame rotating 

synchronously with the grid voltage space vector is  

dqqiqq

qddidd

Lii
dt

d
LRiuu

Lii
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d
LRiuu
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
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                           (5.9) 

Where, L and R are the grid inductance and resistance, respectively, and uid and uiq are the 

inverter voltage components. If the reference frame is oriented along the supply voltage, 

the grid voltage vector is  

u=ud+j0                                                   (5.10) 

Then the active and reactive power feeding into the grid can be expressed as 

qd

dd

iuQ

iuP

5.1

5.1




                                          (5.11) 

Active and reactive power control can be implemented by controlling direct- and 

quadrature-current, respectively. The control of the grid-side converter is presented in 

Fig.5.5. An outer DC voltage control loop is used to set the d-axis current reference for 

active power control. This makes sure all the power coming from the rectifier is 

instantaneously fed into the grid by the Z-Source inverter. On the other hand, the second 

current control loop is designed to control the reactive power by setting q-axis current 

reference to a current loop. The current controller will provide a voltage reference for the 

inverter that is compensated by adding the direct-axis and quadrature-axis intersection 

terms.  
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5.4 Design consideration of the passive components 

 

In this section, the passive components of the proposed topology are calculated 

analytically based on the system operating condition. This provides the basis for the 

design method for the various circuit components.  

 

5.4.1 Parameters design of the Z-Source network 

 

Based on the analysis in Section 4.4, the average current through the rectifier circuit is 

equal to the sum of the average current through the inductor L1 and capacitor C1. In steady 

state, the average current through the inductor equals to that of the rectifier. If the output 

power is Po, therefore, the average current through the rectifier switches as well as the 

inductor is  

)cos5.1( iimopnoL VPVPI                                (5.12) 

The Z-Source capacitor value is selected according to the voltage ripple and the capacitor 

current. Then from the mode III in Fig.4.11, when the capacitor current equals the Z-

Source inductor current, then we get 
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If ∆VC is selected as ∆VC ≤ k1%VC, we have 
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The Z-Source inductor value is selected according to the current ripple; from the mode III 

again, the inductor voltage equals the Z-Source capacitor voltage, then we get 

s

L
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                                           (5.15) 
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If ∆IL is selected as ∆IL ≤ k2% IL, we have 
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5.4.2 Parameters design of the generator-side filter 

 

Filters must be used at the input of the three-switch buck-type rectifier to reduce the 

switching frequency harmonics presented in the input current. The filter requirements are 

as follows:  

1) To have a cutoff frequency lower than the switching frequency of the converter; 

2) to minimize its reactive power at the rated condition;  

3) to minimize the filter inductance voltage drop at rated current in order to avoid a 

reduction in the voltage transfer ratio. 

According to these guidelines, the reactive power of the filter usually has to be limited to 

5~10% of the rated power in order to ensure high power factor, so the capacitance Cin of 

the generator-side filter can be calculated by 
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The generator-side filter inductance is designed by the cut-off frequency fc, which should 

be lower than one-twentieth to one-tenth of the switching frequency fs. For a given filter 

capacitor Cin then the filter inductance can be calculated by 
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                     (5.18) 

It should be noted that this generator-side filter inductance consists of the PMSG winding 

inductance and the external filter inductor.  
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5.5 Simulation and experimental verification 

 

To verify the performance of the proposed wind generation system, simulation tests have 

been carried out. Major system parameters are listed in Table 5.1 according to the design 

consideration in the previous section. 

Table 5.1  System Parameters of the Proposed Systems 

System ratings  

Grid line-line voltage 127V / 50Hz 

DC capacitor voltage 240 V 

Cut-in wind speed 4 m/s 

Rated wind speed 16 m/s 

Generator parameter  

Rated power 1.5 KW 

Rated frequency 50 Hz 

Winding resistance 1.2   

Winding inductance 6 mH 

Number of poles 4 

Rotor inertia  5.66 x 10-3 kgm2 

Back EMF constant 0.832 V/ rad/s 

Converter parameter  

Z-Source inductance 5 mH 

Z-Source capacitance 1000 uF 

Switching frequency 5 kHz 

Grid-side inductance 5 mH 

Generator-side inductance 1 mH 

Generator-side capacitance 15 uF 

 

5.5.1 Simulation results 

 

In this simulation, the system is driven by a wind turbine model provided by 

Matlab/Simulink. The turbine model receives the wind speed and provides an optimized 

reference speed to the control system. The simulation results are shown in Fig. 5.6~5.12.  
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(f) 

Fig.5.6  Simulation results of the PMSG-side operating profiles 

(a) wind speed, (b) generator rotor speed, (c) Z-Source capacitor voltage, (d) shoot-

through duty-cycle D, (e) generator phase-voltages and (f) generator currents 
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In order to simulate the transient response of the proposed control system, wind speed is 

assumed to have a step-up from 4 m/s to 16 m/s at 0.5 s, and a step-down from 16 m/s to 

12 m/s at 0.9 s. Herein, 4 m/s and 16 m/s are the cut-in and the rated wind speeds, 

respectively. Figure 5.6 illustrates the operating waveforms of the generator-side 

converter. The reference speed for MPPT is shown in Fig.5.6(b). Figure 5.6 (c) shows the 

Z-Source capacitor voltage, which is controlled to 240V by the grid-side d-axis controller. 

At the instant when the wind speed steps up, the speed regulator reduces the shoot-

through duty-cycle, thus helping to speed up the generator speed. The dynamic response 

of the shoot-through duty-cycle is shown in Fig.5.6 (d). The increase of the generator 

speed leads to higher generator voltages and currents, and hence higher generator output 

power. The transient PMSG phase-voltages and currents are shown in Fig.5.6 (e) and (f), 

respectively. The above analysis approach is also viable to study the generator operating 

condition when wind speed is step-down.  

Figure 5.7 illustrates the grid-side characteristics of the proposed wind generation system. 

Herein, the negative value in Fig.5.7 (b) and (c) means the power is flowing into grid. The 

performance of MPPT can be evaluated from the power curves shown in Fig.5.7 (a) and 

(b). With the grid power regulation, the capacitor voltage is controlled to a constant 240V 

as shown in Fig.5.6 (c) and thereby the captured wind power can be fully fed into grid. 

This function is similar to that of grid-side inverter in the conventional power generation 

system [26].  

The reactive power output is presented in Fig.5.7 (c). The reference of the reactive power 

is assumed to have a step-up from 0 to -0.22 pu at 1.1 s. It can be seen from Fig.5.6 and 

5.7 that the active and reactive power can be regulated independently. This helps to 

overcome the ride-through problem, which is an important issue in the grid-connected 

wind generation system. The grid-side d-axis and q-axis currents are also presented in 

Fig.5.7 (d) and (e), respectively.  
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Fig.5.7  Simulation results of the grid-side operating profiles 

(a) captured wind power by turbine, (b) real power flowing into grid, (c) reactive power 

output, (d) the d-axis current of the grid-side converter and (e) the q-axis current, and (f) 

the grid-side phase-currents  
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Fig.5.8  Comparison of efficiency of PMSG under different control principles  
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Fig.5.9  Comparison of the converter power ratings under different control principles  

As illustrated in Fig.5.5, two PMSG control algorithms, the unity power factor control 

and the Id=0 control, have been utilized to control the generator. In order to fully evaluate 

these two PMSG operating strategies, the detailed comparisons are presented in Fig.5.8 

and 5.9 in terms of PMSG efficiency and system power rating. When wind power output 

increases, the efficiency of PMSG is reduced rapidly with the unity power factor method, 

as shown in Fig.5.8. On the contrary, the PMSG efficiency with the Id=0 control is 

relatively higher than that with the unity power factor method. Under the unity power 

factor method, the direct-axis current is not regulated. However, the efficiency with the 

unity power factor method tends to be constant when power output is larger than 0.8 p.u.  

On the other hand, from Fig.5.9, the PMSG power factor under the Id=0 control is 

decreased when the wind power increases and thereby the system power rating under the 

Id=0 control is increasing rapidly when wind power output is increasing. Thus the 

apparent power S under the unity power factor control is equal to the active power output 
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P. Hence, with the converter power rating constraint, it is superior to use the unity power 

factor control considering its full real power transfer capability.  

The proposed PMSG control strategy is the integration of the unity power factor control 

and the Id=0 control. Based on the discussion in Section 5.2.3, we assume the converter 

power rating to be 1 p.u. Consequently, the wind power boundary is chosen as 0.87 p.u, 

as illustrated in Fig.5.9. From (5.5), the speed boundary can be obtained as 0.95 p.u. That 

means the Id=0 control is adopted when wind power output is smaller than 0.87 pu and 

the unity power factor method is utilized when wind power output is larger than 0.87 pu. 

The main objective of the proposed control strategy is to optimize the performance in 

terms of the system cost and efficiency. 

Another important motivation to develop the proposed wind generation system is its low-

harmonic characteristic. The proposed converter is compared with the conventional 

diode-front system and back-to-back converter, as shown in Fig.2.9 and 2.10, respectively. 

Figure 5.10, 5.11 and 5.12 shows the simulation results of PMSG terminal phase-voltage / 

current and the FFT spectrum/ total harmonic distortion (THD) of the current waveform. 

The generator speed along with wind speed is set as 0.4 p.u in both Fig.5.10, 5.11 and 

5.12. The terminal phase-voltage is filtered by a second-order filter with 1000 Hz cut-off 

frequency and the same switching frequency is utilized in these three systems. It can be 

seen from Fig.5.10 that there are no low-order harmonics in the generator. This low-

harmonic characteristic result from the utilization of the generator-side three-switch buck-

type converter, and the THD of the generator current is only 2.76%. Figure 5.11 presents 

the simulation results of phase-voltage/current obtained by the diode front-end 

conventional system shown in Fig. 2.9. From Fig.5.11, there are significant 5th-order and 

7th-order harmonics in the stator current. The current THD is up to 6.65%, which is much 

larger than that in the proposed system. High harmonic distortion currents also appeared 

in the generator that further reduce efficiency and produce torque oscillations. These are 

the drawbacks of the conventional diode front-end system. Figure 5.12 presents the 

simulation results of the back-to-back system. The current THD is only 2.2% and low-

order harmonics are absent. However, the back-to-back converter would be much more 

expensive than other two topologies, especially for high power application.  
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(b) 

Fig.5.10  Simulation results of PMSG voltage and current waveforms in the proposed 

system  
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(b) 

Fig.5.11  Simulation results of PMSG voltage and current waveforms in the conventional 

diode-fronted system  
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(b) 

Fig.5.12  Simulation results of PMSG voltage and current waveforms in the back-to-back 

converter system  

 

5.5.2 Experimental results 
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Fig.5.13  Experimental setup of the proposed system  

A prototype system with detailed system parameters listed in Table 5.1 is constructed for 

experimental verification. The prime mover is a DC-machine controlled in torque 

producing mode, where the torque reference is desired to change along with rotor speed. 

Herein, a pre-set table between torque reference and speed is established based on the 

power characteristic of wind turbine, of which the mechanical torque is varied by the 

wind speed and generator speed. When the generator speeds up, the system starts 
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operation and the terminal voltage of PMSG is adjusted by the DC-link voltage controller, 

which maintains the generator speed to the desired value. Figure 5.13 shows the block 

diagram of the experimental system. The grid is simulated by an AC source (California 

Instruments 4500Ls). The control system is implemented on a platform consisting of 

Dspace 1103 and a complex programmable logic device (CPLD). The experimental 

results from the laboratory-prototype are shown in Fig.5.14~5.18.  

 

Fig.5.14  Experimental results of generator reference and actual speeds, the shoot-through 

duty-cycle D and active power output  

Based on the aforesaid control algorithm, the generator speed can be regulated by the 

shoot-through duty-cycle D. Figure 5.14 shows the experimental results of the generator 

reference speed, actual speed and the related shoot-through duty-cycle. In Fig.5.14, the 

generator speed is assumed to have a step-up from 0.25 p.u to 1 p.u, and then a step-down 

from 1 p.u to 0.75 p.u. It is noted that the torque of the DC machine is following the 

turbine torque curve along with different rotor speed, in order to emulate the 

characteristics of typical wind energy source. It can be seen from Fig.5.14 that the shoot-

through duty-cycle is reduced according to the increasing rotor reference speed. The 

active power captured is presented in Fig.5.14 as well. This is consistent with the 

simulation results.  

In Fig.5.15 and 5.16, the generator speed reference is assigned to 600 r/min. The steady-

state generator terminal line-to-line voltage and stator current with unity power factor 

control and the Id=0 control are shown in Fig.5.15 and 5.16, respectively. It can be 

observed from Fig.5.15 (a) that the generator current ia is lagging the line voltage Vab at 

Generator reference speed 

[750 r/min/div] 

Measured generator speed 

[750 r/min/div] 

Shoot-through duty-cycle D: 

[0.5/div] 

Active power output [750 W/div] 

t: 2.5s /div 
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the generator terminal by around 30
0
. This angle difference is fixed with the unity power 

factor control. Thus, from Fig.5.16 (a), the generator current ia is just lagging the line 

voltage Vab by around 10
0
. This angle difference is changed along with the different 

power output, which can be explained by the theoretical analysis and simulation, depicted 

in the previous sections. From the spectrum and THD of stator current shown in 

Fig.5.15(b) and 5.16 (b), harmonic-elimination is achieved at the generator-side with both 

control methods and thereby the operating performance of generator can be improved, 

which is consistent with the simulation results.  

The switches in the front-end rectifier are then always turned on and thereby the proposed 

topology is reconfigured to a diode front-end Z-Source inverter based generation system. 

The corresponding generator terminal voltage and current are shown in Fig.5.17. Low-

order harmonics appeared in the stator current as shown in Fig.5.17 (a), and hence results 

in distorted generator voltage. Most importantly, the torque oscillations are significant 

compared with the proposed system with SVM method. The harmonic spectrum of the 

current is presented in Fig.5.17 (b) together with its THD. 
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(b) 

Fig.5.15  Steady-state experimental waveforms of voltage and current of PMSG with 

unity power factor method  

Vab: [50 V/div] 

ia: [1 A/div] 

t: 10ms /div 



Chapter 5  Design of a robust PMSG turbine based on the developed topology 

127 

 

(a) 

0 50 100 150 200 250 300
0

0.5

1

1.5

Single-Sided Amplitude Spectrum 

Frequency (Hz)

S
ta

to
r 

cu
rr

en
t 

(A
)

THD=4.3%

 

(b) 

Fig.5.16  Steady-state experimental waveforms of voltage and current of PMSG with the 

Id=0 control  
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(b) 

Fig.5.17  Experimental waveforms of voltage and current in the conventional diode front-

end system. 

Vab: [50 V/div] 
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In order to verify the reliable operation of the proposed system, a fault-ride-through 

experiment is illustrated in Fig.5.18. Initially, the proposed system is operating at the 

normal situation with the proposed control scheme. At a particular instant, the system 

senses a fault event, where any of the switches in the front-end rectifier is shorted and 

shoot-through occurred. With the control principle discussed in Chapter 4, the proposed 

system is immediately reconfigured into the diode-rectifier based system. It helps the 

system to sustain a certain tolerance time. The detailed voltage and current are shown in 

Fig.5.18, which illustrate the feasibility of the proposed configuration.  

 

Fig.5.18  Experimental results of reliable operation of the proposed system. 

 

5.5.3 Comparison of simulation and experimental results 

 

It is valuable to compare the simulation and experimental results in terms of several 

performance parameters, such as power factor, THD, ripple on the DC link.  

Section 5.2 has explained the optimal power factor control strategy, which consists of 

unity power factor control and Id=0 control. From the comparison of simulation and 

experimental results, the performance of power factor control in the simulation is much 

better than that in the experiments. The phenomenon in THD comparison is also same. 

For instance, the input current THD of the proposed topology is 2.76% as illustrated in 

Fig.5.10, and thus the input current THD in the experiment is up to 4.8% as illustrated in 

Fig.5.15. This difference is because the numerical simulation consists of ideal operating 

conditions, such as the ideal components/devices, fast-enough control processor, real-time 

sampling without delay, and no measurement and calculation error and so on. However, 

t: 25ms /div 

Vab: [50 V/div] 

 

ia: [1 A/div] 

Fault measurement signal 

[5 V/div] 
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in the lab-based prototype, the power semiconductor switch, i.e., IGBT, is definitely not 

like the ideal switch used in the simulation. Normally the real switch has switching loss, 

reverse current, internal resistance and so on, and all of these non-ideal factors will affect 

the system performance.  

 

5.5.4 Comparison with other topology 

 

The comparison of Z-Source inverter and traditional inverters was investigated in [108] 

using cost, efficiency and passive components requirement as benchmarks. The Z-Source 

inverter exhibits a better performance than other topologies from the comparison results. 

Herein, the corresponding performance indices will be extended to evaluate the proposed 

converter and the back-to-back converter. First, the converter cost can be judged by the 

total average switching device power (SDP) and peak SDP [108], which are defined as 

follow, 





N

j

avjjav IVSDP
1

,)( , and 



N

j

pkjjpk IVSDP
1

,)(              (5.19) 

Where, N is the number of switching devices, Vj is the peak voltage induced on the 

devices, and Ij,av and Ij,pk are the average and peak current through the devices, 

respectively. The total SDPs of both topologies are calculated, as shown in Table 5.2, 

based on the operating condition in Table 5.1. It can be seen from Table 5.2 that the total 

SDP of the back-to-back converter is much greater than that of the proposed converter in 

average and peak value, respectively.  

On the other hand, the shoot-through problem, which is usually the main weak-link of the 

system reliability, does not exist in the proposed converter. Therefore, the developed 

topology is able to improve system reliability. 
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Table 5.2  Comparison between the back-to-back converter and the developed converter 

Relationship Items 
Back-to-back 

converter 

Developed 

converter 

Total SDP 

Number of switching 

device 
12 9 

(SDP)av (kVA) 10.85 9.66 

(SDP)pk (kVA) 34.06 21.05 

 

 

5.6 Conclusion 

 

In this chapter, the design methodology, the simulation studies, and the experimental 

verification of an integrated generator-side buck-type rectifier and grid-side Z-Source 

inverter based PMSG wind generation system have been presented. The proposed 

generator-side control strategy was optimized from the fundamentals of the Id=0 control 

and unity power factor method. The voltage-oriented control was adapted for the Z-

Source inverter to decouple active and reactive power control while extracting the 

maximum wind power by adjusting the shoot-through duration of the Z-Source network. 

Compared with the traditional back-to-back converter, the shoot-through operation is 

allowed in the grid-side Z-source inverter and the reconfiguration of the generator-side 

converter is enabling the wind turbine to maintain the safety operation during faults of the 

power semiconductors in the generator-side converter. All the aforementioned 

characteristics are helpful to improve the reliability of the PMSG based wind turbine.  
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CHAPTER 6 

 

STATISTICAL VOLTAGE QUALITY ASSESSMENT METHOD FOR GRIDS 

WITH WIND POWER GENERATION  

 

6.1 Introduction 

 

Regardless of DFIG or PMSG, wind power capacity will be meeting a significant 

percentage of the worldwide electricity demand in the next decade, especially in western 

European countries. Consequently, wind power will affect the operation of utility in terms 

of voltage regulation, frequency control and so on. Thus there is a need to devise reliable 

methods to accurately quantify the impacts so as to obtain the most appropriate and 

economical solution to mitigate the negative impacts. Hence, this chapter intends to 

develop a feasible voltage quality analysis for large wind power penetrated networks.  

The method proposed in this chapter calculates the impact of wind power penetration on 

network voltage in a statistical manner: the wind power injection and the state of the 

connected grid are described in terms of probabilistic distributions. An index, termed the 

significant level of voltage deviation, is developed to quantify the level of the voltage 

variations. The index helps in identifying the most effective remedial actions in restoring 

voltage quality to an acceptable level. A case study is included to illustrate the relatively 

simple calculation involved.  

 

6.2 Preliminary considerations 

 

6.2.1 Network description 
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Fig.6.1  Diagram of wind generation system 

(a) Schematic of a grid-connected wind farm, (b) Equivalent circuit of the wind-farm-grid 

system 

Figure 6.1(a) shows the schematic of a wind farm interconnected to a grid. All the wind 

turbine generators (WTG) are connected to a common node called the collection bus via 

distribution links. This bus is often treated as the point of common coupling (PCC) 

between the wind farm and the grid. When integrating a wind farm into the grid, the PCC 

would be the network node where specified technical conditions have to comply with the 

respective grid-code [109]. One such requirement governs the power factor at the PCC 

where for example, constant or variable power factor operational mode can be selected to 

operate wind farms, depending on the types of wind turbines used. For fixed-speed 

turbines, power factor control can be achieved by regulating the reactive power 

compensators which are connected to the PCC, and modern variable speed WTG can be 

speed-controlled to regulate the active and reactive power production [110]. Indeed, 

variable-speed wind turbine manufacturer can now offer different options for Var 

generation in steady state. Reference [111] presents two options of wind turbine reactive 

power output characteristic, which are constant power factor and variable power factor, 

respectively. Whether a wind farm operates under constant power factor mode or variable 

power factor mode, its active output power P and reactive power Q can be expressed as: 

PkQ p                                                     (6.1) 

Where,  cos)cos1( 2pk . cos  is the power factor of the wind farm output, P is 

the total real power output from the farm, and Q is the net reactive power output from 
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both the WTG and the wind farm reactive power compensator. It is worthy to mention 

that pk  has a fixed value under constant power factor operational mode of the wind farm, 

and would be variable under variable power factor mode.  

From Fig. 6.1(a), the grid can be represented by its Thevenin equivalent circuit viewed 

from the PCC. In this representation, the voltage at the bus is denoted as V. The voltage 

source E equals to the no-load voltage at the bus. It can be readily shown that the 

equivalent Thevenin impedance Z = jXR  (in p.u.) is governed by the short circuit ratio 

(ζ) and the R/X ratio (γ) at the PCC, as follows:  
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                                      (6.2) 

where 0S  is the rated power. Equation (6.2) is useful as very often, the terminal condition 

for the wind farm connection is expressed in terms of ζ and γ, instead of Z.  

 

6.2.2 Impact on the PCC voltage 

 

As soon as the wind farm begins to inject power P + jQ (at a particular power factor cos ) 

into the grid, the voltage at the PCC will deviate from E. With respect to Fig.6.1(b), the 

voltage deviation can be expressed approximately as: 

V

XQRP
EVV


                                         (6.3) 

Together with (6.1), (6.3) can then be rewritten as: 

P
V

XkR
V

p



                                               (6.4) 
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It can be seen from (6.4) that the voltage deviation ΔV is directly proportional to the wind 

farm output power P and the grid Thevenin equivalent R, X values. It should be 

emphasized that (6.4) only yields the steady-state value of the voltage variation, assuming 

over the interval of interest, no network control action has been initiated within the grid to 

vary Z or E.  

The impact of the wind farm output power on the PCC voltage quality can be readily 

assessed via (6.4). Unfortunately, as will be described in greater detail in the next section, 

the WTG power output depends on the prevailing wind condition. As wind speed varies 

and when the wind farm operates under power factor control mode, the PCC voltage will 

vary in response to the fluctuating wind farm power production. Excessive voltage 

variations should not be allowed as it would lead to equipment damage. Allowable 

voltage variation applicable for wind farm operation has been prescribed in standards 

such as [87]. ΔV has to comply with the steady-state or long-term voltage deviation limit 

allowable in the respective standards. 

For the problem in hand, an additional complication arises because the grid Thevenin 

impedance would also vary over the long-term. Clearly as network topology changes due 

to the switching in and out of network elements, upgrading and/or retiring of equipment, 

normal generation/load variations, these changes will inevitably lead to variations in ζ and 

γ and hence Z.  

With the statistical and time-varying nature of P and Z taken into consideration, one needs 

to examine not only the degree of severity of the resulting voltage deviations but also the 

likelihood of their occurrence. An operating condition which leads to an unacceptable 

voltage variation at the PCC and which has a high probability of occurrence warrants 

closer design consideration than one which is seen to occur less often. With these points 

in mind and unlike the approaches described in [85, 86], a new statistical approach will be 

proposed in the next Section to analyze the voltage quality at the PCC.  

 

6.3 Probabilistic analysis of PCC voltage deviation 

 

As stated earlier, P relies on the availability of the wind and Z depends on the operating 

state of the network. Probabilistic analysis has been used to estimate wind farm output P 
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while statistical concept has been applied in [112] to analyze operating state of power 

system elements. The approach described in this section is an attempt to apply these 

techniques to obtain the probabilistic evaluation of ΔV at the PCC. 

 

6.3.1 Probabilistic model of wind power generation 

 

In the literature, Weibull distribution function has been widely used to statistically 

describe wind speed distribution [113]. The probability density function (pdf) of wind 

speed is given by: 

])(exp[))(()( 1 kk

c

v

c

v

c

k
vf                                             (6.5) 

where v is the wind speed, k is the shape coefficient and c is the scale coefficient. In 

handling wind speed data, it is convenient to sub-divide the continuous speed range into 

sub-sections or states and characterize the probability distribution of v in terms of these 

states. Hence from (6.5), one can express the probability distribution of v as a set of 

discrete data  

},,1,0:)(),({ NllFlvF vv                                     (6.6) 

where N is the total number of the discrete wind speed states, and )(lv  is the discrete wind 

speed value over the speed range }2/)(,2/)({   lvlv ,   being the width of the speed 

range. Typically, sm /1 . According to (6.5), the probability )(lFv  of the discrete 

wind speed is then given by  
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                    (6.7) 

An example of the discrete probability distribution of v is shown on Fig.6.2, with 

sm /1 .  
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Fig.6.2  A typical discrete probability distribution of wind speed 

From the discrete distribution data of wind speed, the next task is to relate it to the wind 

power produced, P. One could adopt the generic WTG model described in [4] where P is 

expressed in terms of wind speed v as  


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where inv  is the cut-in wind speed, rv  the rated wind speed, outv  the cut-out wind speed 

and rP  is the rated real power capacity of the wind farm. The constant coefficients a, b are 

given by  
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Equation (6.8) describes the 3 operating ranges of the WTG. When wind speed is below 

inv  or above outv , no output power can be expected from the WTG. When the wind speed 

is between inv  and rv , P varies to the cube of wind speed. Beyond rv  and at less than 

outv , only rated power will be produced.  

Since the wind speed distribution function has been discretized into the form of (6.6), and 

bearing in mind the three operating ranges of the WTG described by (6.8), one can obtain 

the discrete probability distribution of P as follows:   

)(lFv  
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where )(iP  is the discrete state of the active power production at the discrete wind speed 

)(iv . )(P  denotes the impulse function at P. Derivation of (6.9) is given in Appendix B. 

In Fig. 6.3(a), the discrete wind speed distribution Fv(l) is shown. The corresponding 

WTG output power P vs speed v curve is shown in Fig.6.3(b). The discrete probabilistic 

distribution of the wind power )(iFP , as described by (6.9), is shown in Fig.6.3(c) where 

it is plotted against )(iP . Figure 6.3(c) can be described by the power discrete probability 

set  

 MiiFiPT PP ,1,0:)(),(                                   (6.10) 

where M is the number of selected wind power states at which )(iP  is calculated using 

(6.8) and )(iFP  is obtained from (6.9). 
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Fig.6.3  Probabilistic derivation 

(a) Discrete probabilistic distribution of wind speed, (b) Wind-farm power vs wind speed 

characteristic, (c) Discrete probability distribution of wind power production 
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6.3.2 Grid Thevenin equivalent impedance probabilistic model 

 

The grid is made up of numerous elements, including transmission lines, cables, 

transformers and generators. While it can be expected in most instances these equipment 

would be in service, it cannot be assumed that this will be so at all times. Consequently, 

when an element of the grid is taken out or put in service, it will result in changes in the 

fault level ζ, R/X ratio γ and hence impedance Z, when viewed from the PCC. Such 

impedance changes can be statistically related to the status of the grid. This is because 

utilities have excellent knowledge pertaining to the statistical likelihood of the service 

availability of individual major equipment in the grid, based on the operational statistical 

data collected over long time and experience. Hence, it is on this basis that the following 

approach is proposed to yield a probabilistic grid model. 

Suppose there are n elements in the grid, the status of each of which is to be considered in 

the analysis. In practice, n would be much less than the actual number of elements in the 

grid. This is because as an element is electrically further from the PCC, its operational 

status will have lesser impact on the variation in Z. Hence remote elements need not be 

considered in the analysis. 

…
G# 1

# 2

# i

# n

G

Z(j)

… …

Grid

=R(j)+ j X(j)

Wind farm

PCC

 

Fig.6.4  Network elements in grid 

Next, define xk, k = 1,2, …n as the operational state of each of the n elements shown in 

Fig.6.4. Each xk can assume the value of 1 or 0: if the k
th

 element is in service, xk has a 

value 1 and if the element is out of service, xk has a 0 value.   

Thus a system state vector x can be defined as x = (x1, x2, …, xn). From the utility statistical 

data, suppose the corresponding availability and unavailability of each of the elements at 
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any given time are Ak and Uk respectively. One can then derive the discrete probability of 

the grid system state via the expression  





n

k

kkkkZ UxAxjF
1

])1([)(                                    (6.11) 

where j = 1, 2, …, 2
n
 denotes the grid system state number associated with x. Each state 

corresponds to one of the 2
n
 grid configurations. For example, if one is interested in 

seeing how two elements in a grid is affecting Z, one only need to consider 2
2
 or 4 states 

or network configurations. From (6.11), the probability )( jFz  will consist of 4 elements: 

A1A2, A1U2, U1A2 and U1U2.  

For each of the grid state j, there is a corresponding Thevenin equivalent impedance, 

denoted as Z(j). The determination of )( jZ  is straight-forward: one only has to use a 

conventional short-circuit analysis program to calculate ζ and γ at the PCC bus for the 

particular grid state, and then apply (6.2) to evaluate )( jZ .   

The equivalent impedance Z(j) and its associated probability FZ(j) can then be grouped to 

form the discrete probability set of impedance Z 

 n
ZZ jjFjZT 2,2,1:)(),(                                     (6.12) 

 

6.3.3 Probabilistic voltage deviation 

 

From (6.4), it is seen that the voltage deviation ΔV at the PCC can be calculated based on 

the wind power production P and the grid Thevenin impedance Z. Since P and Z have 

now been expressed in terms of probability sets (6.10) and (6.12), the statistical 

distribution of ΔV can be computed by recognizing the distribution of ΔV as a joint 

distribution between P and Z. The P and Z distributions are deemed to be independent.  

Hence if wind power state i occurs, the corresponding probability distribution )(iFP  can 

be obtained from (6.9), and if the grid configuration j also occurs, its probability 

distribution )( jFz  can be inferred from (6.11). Hence from (6.4), ΔV resulting from the 

combined state i-j is given by: 
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The corresponding probability of occurrence of the state i-j is given by  

)()()),(( jFiFjiVF ZPV                                               (6.14) 

Thus ΔV and its probability of occurrence can be evaluated using (6.13) and (6.14).   

 

6.4 Significant level of voltage deviation 

 

As explained in Section 6.2, various standards governing voltage quality are in place. The 

analysis of previous section shows that such voltage excursions are statistical in nature. It 

is now proposed an index called significant level of voltage deviation be used to quantify 

the extent of severity of voltage deviations, taking into consideration their likelihood of 

occurrence. Significant level concept has been used in various statistical studies [114]. In 

the context of the present study, the significance level of ΔV is denoted as α where  

)(   Vprob                                                     (6.15) 

As shown, the significant level α is defined as the probability when |ΔV| exceeds a pre-set 

limit δ: i.e. α is the cumulative probability of all the discrete voltage deviations occurring 

beyond the |ΔV| limit δ. The value of δ is selected from the relevant standards governing 

voltage deviation. Typically δ = 0.1 p.u. from [87]. Since (6.14) yields the probability of 

each of the discrete voltage deviations and the value of each ΔV can be readily evaluated 

using (6.13), thus all the discrete states of |ΔV| which exceeds δ can be extracted and their 

corresponding probabilities summated to provide the significant level measure α. 

Mathematically, the calculation of α can be expressed as: 








),(),(

)]()([)),((
jiV

ZP

jiV

V jFiFjiVF                             (6.16) 

Stated in this context, the ideal grid-wind farm system design would be one with α = 0. In 

practice, however, a more realistic design objective would be to reduce α to an acceptable 

level. From (6.16), α is seen to be dependent on the distributions of wind power FP(i) and 

network Thevenin impedance FZ(j). Manipulation of network impedance Z(j) can be 
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carried out by the grid operator. Hence in this paper, the objective is to examine the 

impact of adjusting Z on α.  

To achieve this objective, the first step is to determine the extent of the contribution of 

each of the grid state j to α. The significance level α can be decomposed as  






n

j

jZprobjZVprob
2

1

))(())(|(|                                 (6.17) 

Consider the grid state j which has the Thevenin equivalent impedance of )( jZ . At )( jZ  

and from (6.11), the probability of its occurrence is Fz(j) or prob(Z(j)). The conditional 

probability term prob(|ΔV| > δ │Z(j)) shown in (6.17) denotes the probability of |ΔV| 

exceeding the limit δ when the impedance is Z(j). For this given Z(j) and from (6.13), ΔV 

= Ψ(j) P(i). Hence the computation of prob(|ΔV| > δ │Z(j)) can be transformed to  
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                            (6.18) 

Since Z(j) is given, Ψ(j) is also known. With a pre-set value for δ, one can obtain δ/|Ψ(j)|. 

From (6.9), the cumulative probability for P(i) > δ/|Ψ(j)| can be evaluated. Hence, 

prob(|ΔV| > δ │Z(j)) is obtained. By repeating the calculation for all Z(j), one can 

therefore determine the probability of |ΔV| exceeding the voltage limit δ for all the grid 

states j.  

A very useful result can now be derived by applying Bayes‟ theorem, i.e.  

)|(|Pr
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Substituting (7.15) into (7.19), (7.19) can be rewritten as:   




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)||)((

jZprobjZVprob
VjZprob


                           (6.20) 

Equation (6.20) quantifies the individual contribution of grid state j toward the 

significance level α. Therefore it is now possible to calculate the contribution of state j to 

α since all the terms on the right hand side of (6.20) are known. From all the states j 

which contribute toward voltage deviation exceeding the level δ, one can screen out those 
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network scenarios or states which have higher probability of occurrence. Remedial 

actions to be taken on these states will be effective ways to enhance the voltage quality at 

the PCC. Numerical examples in the next section will illustrate this design strategy.  

 

6.5 Case study 

 

An example of a grid with wind power generation is used in this case study to illustrate 

the proposed statistical method. Its single-line diagram is shown in Fig.6.5 and its details 

can be found in [115]. In the studied network, Bus 112 is the collection bus of a wind 

farm. The farm is assumed to be inter-connected to Bus 111 via an under-sea transmission 

cable. Thus Bus 111 is considered as the PCC. Hence, the focus of the study will be the 

voltage quality at the PCC.  
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Fig.6.5  The base-case network model used in the study 

The data from [115] is used for this case study, whereby the total load in the network is 

3730 MW, of which the wind farm contributes 300 MW. The base case shows that 36 

MVAr (kp = 0.12) of capacitive reactive power is also needed at the PCC in order to 

achieve satisfactory voltage profile in the vicinity of the wind farm. Also included in the 
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diagram are the p.u. impedance values of the various plant elements and the power levels 

of the various generators and loads. The parameters of sea cable are from [116]. 

 

6.5.1 Wind power distribution 
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(b) 

Fig.6.6  Wind speed probability distribution 

(a) Weibull function with k = 1.6 and c = 8.2, (b) Discrete wind speed distribution Fv 

Based on two years‟ wind data obtained from [117], the Weibull distribution curve with k 

= 1.6 and c = 8.2 is included to describe the wind speed probability distribution function 

shown in Fig.7.6(a). The WTG data was taken from [118]. Each WTG is rated 3 MW. 

Therefore the wind farm is expected to contain at least 100 WTG. Also for this type of 

WTG, the cut-in speed of 4 m/s also means that the WTG will only be operational when 

the wind speed exceeds 4 m/s, a range the Weibull curve shown in Fig.6.6(a) has 

represented well. The cut-out speed and nominal speed for this WTG is 25 m/s and 15 m/s 

respectively. Based on the WTG data and the wind speed distribution shown in Fig.6.6(b), 

wind power production in the wind farm can be calculated using (6.8) for the rated power 
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(Pr) of 300 MW. The corresponding probabilistic distribution of P is depicted in Fig.6.7, 

which is the graphical description of (6.9). 
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Fig.6.7  Discrete probability distribution of wind power: rated power 300MW 

 

6.5.2 Grid Thevenin impedance 

 

Component reliability data of the various elements of the grid system is required in order 

to derive the plant availability/unavailability information. It is assumed the data shown in 

Table 6.1 taken from [112] is applicable in the present study. Unavailability of element(s) 

results in altered network configurations/topologies from that shown in the example study. 

The probability of the particular grid configuration or state can then be calculated based 

on the data given in Table 6.1. For each grid state, the individual impedance at the PCC 

has been determined using a short-circuit study program. With this information and 

applying (6.2), the Thevenin impedance Z at the PCC is obtained. The results are 

summarized in Table 6.2. Grid states with probability of less than 7x10
-5

 have been 

ignored as it is considered that these states have too small a probability of occurrence to 

be of concern.  

Table 6.1  Component Reliability Data 

Component  (failures/yr) Repair Time(hr) 

Generator unit 2 198 

Overhead line 0.02/km 10 

Transformer 0.01 200 

 

)(iFP
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Table 6.2  Thevenin Impedance of Grid at Various States and the Associated Probability 

(Base MVA = 1000) 

State j 
Element of grid 

outage 
)( jZ  (ohm) )( jFZ  

1 None 2.739+j17.134 0.611445 

2 One of G1 2.804+j17.506 0.138202 

3 One of G2 3.805+j23.329 0.083401 

4 One of G3 3.843+j23.260 0.083401 

5 Two of G1 3.449+j21.416 0.012495 

6 Two of G2 4.108+j24.472 0.003748 

7 Two of G3 4.395+j27.880 0.003748 

8 T8 2.804+j17.506 0.000697 

9 Three of G1 3.800+j23.394 0.000565 

10 T7 3.804+j23.329 0.000419 

11 T6 3.843+j23.260 0.000419 

12 L4 3.75+j23.332 0.000419 

13 T5 3.583+j22.339 0.000279 

14 L1 or L2 5.628+j34.904 0.000209 

15 L5 or L6 3.415+j21.402 0.000139 

16 T1 or T2 2.739+j17.134 0.000139 

17 L7 or L8 3.414+j21.381 0.000070 

18 L3 3.526+j23.833 0.000070 

19 

Simultaneous 

multiple elements 

outage (L5 and L6) 

Probability less than 

0.000070  - case ignored 

 

6.5.3 Voltage deviations probability 
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Fig.6.8  Probabilistic distribution of ΔV 

Once the probability distributions of wind power P and the grid impedance Z have been 

determined, the probabilistic distribution of ΔV can be evaluated using the procedure 

described in Sections 6.3.3 and 6.4. Figure 6.8 shows the probabilistic distribution of ΔV 

at the PCC. Following the guidelines given in [119], the steady-state voltage at the bus 

must be controlled to within 10% of its nominal value. Therefore, the voltage limit δ is set 

as 0.1.  From the discrete distributions Fp given in Fig.6.7 and Fz in Table 6.2, the 

significant level α for |ΔV| > 0.1 can be calculated. In this instance, α = 0.01396 which 

indicates that for 1.396% of the time, |ΔV| at the PCC can be expected to exceed the 10% 

threshold. 

Next, it is interesting to explore, of the expected 1.396%, the contribution of each grid 

state toward α. One makes use of (6.20). In this case, to calculate prob (Z(j) │|ΔV|> 0.1)), 

one needs to evaluate the term prob (|ΔV| > 0.1│Z(j)). Take grid state j = 2 in Table 6.2 as 

an example. The corresponding impedance is Z(2) = 2.804+ j 17.506 ohm. Then, from 

(6.13),  

)(
506.17804.2

)2,( iP
V

k
iV

p



                           (6.21) 

For this grid state, (6.21) shows that the probability distribution of ΔV depends on the 

probability of wind power distribution P(i) which is shown in Fig.6.7. Accordingly and 

from (6.21), calculate ΔV(i,2) for each P(i), extract only those cases with |ΔV(i,2)| >0.1 

and the corresponding probability of P(i) from Fig.6.7. The sum of all the probabilities of 

such P(i) cases is the contribution of grid state 2 toward α.  

)( VFV   
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The contribution of other grid states j to α  can be calculated in the same manner 

described earlier. The results are presented in Table 6.3. The table only includes those 

states which can result in |ΔV| >0.1. From Table 6.3, it is obvious states j = 3 and 4 are 

the two main contributing states to α. Other grid states j either have much lower 

probability or there is no incident of |ΔV| >0.1 for these grid states. 

To verify the accuracy of the ΔV calculation used in the proposed method, a series of 

conventional load-flow study have also been carried out to calculate ΔV at the PCC for 

each of the grid states shown in Table 6.2, at the maximum wind farm output of 300MW. 

Table 6.4 compares the voltage deviation ΔV calculated by the proposed method and the 

conventional low flow study. Only those grid state(s) which contribute to ΔV >10% have 

been shown in Table 6.4.  

Table 6.3  Grid States and Probability when |ΔV| >0.1 

Grid State j 
Element(s) of 

Plant Outage 
)%10||)(( VjZprob  

3 One of G2 set 0.439108 

4 One of G3 set 0.499100 

6 Two of G2 set 0.022422 

7 Two of G3 set 0.025452 

9 Three of G1 set 0.003178 

10 T7 0.002356 

11 T6 0.002357 

12 L4 0.002286 

13 T5 0.001433 

14 L1 or L2 0.001927 

18 L3 0.000371 
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Table 6.4  Comparison of voltage deviation ΔV obtained from the conventional load flow 

study and from the proposed probabilistic method 

Grid State j 
Element(s) of 

Plant Outage 

Voltage deviation ΔV (%) 

Conventional load 

flow study 

Proposed statistical  

method 

3 One of G2 set 11.160 10.87 

4 One of G3 set 10.106 10.923 

6 Two of G2 set 12.471 11.595 

7 Two of G3 set 12.992 12.742 

9 Three of G1 set 10.060 10.871 

10 T7 11.160 10.87 

11 T6 10.106 10.922 

12 L4 10.871 10.782 

13 T5 10.543 10.311 

14 L1 or L2 16.761 17.775 

18 L3 10.332 10.512 

 

From Table 6.4, it can be seen that the differences between ΔV obtained from the much 

simpler Thevenin equivalent model used in this analysis and that obtained from the 

conventional load flow study are less than 8% which are considered acceptable. More 

importantly, it is pleasing to note that the load flow studies confirm all the grid states 

identified by the present approach and shown in Table 6.3 do indeed result in |ΔV| 

exceeding the 10% limit. Furthermore, the computational time of the proposed method is 

much shorter than that of the conventional load flow study. For instance, the 

computational times required for calculating grid state 3 in Table 6.4 are 9.6s and 0.5s for 

the conventional load flow and the proposed statistical method respectively. These 

simulations were carried out using a P4 2.13-GHz/1-GB RAM PC. Therefore, the 

proposed statistical approach using the simplified network model is able to provide a 

quick way to identify those grid states which would result in voltage quality violations.   
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6.5.4 Screening network states 
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Fig.6.9  Significant level α vs P: with and without accelerated G3 repair 

The results shown in Table 6.3 are very useful because they can help identify effective 

grid upgrade/re-enforcement strategies to enhance grid voltage quality. For example, 

Table 6.3 shows that since grid state 4 has contributed most significantly toward the 

cumulative probability α, state 4 is an obvious candidate worthy for closer examination. 

State 4 pertains to the outage of one unit of G3. Suppose one were to examine the impact 

of reducing the G3 unit repair or down-time from the assumed value of 198 hours given 

in Table 6.1 to 50 hours. One can re-calculate the significant level and the results are 

included in Fig.6.9. The outcome of such a study is promising: it indicates that by 

reducing the G3 unit repair time, α or the cumulative probability of |ΔV| > 0.1 p.u. is 

0.96% for the wind power output up to its rated value of 300 MW. This is a much reduced 

probability, compared to the 1.396% level obtained without the reduction in G3 repair 

time.   

The reduction in G3 repair time is suggested here as one possible way to increase wind 

power contribution while taking into consideration its impact on voltage quality. Clearly 

there are other grid reinforcement possibilities and these have to be evaluated with respect 

to its technical as well as economic viability. What is significant from the present 

approach is that it allows one to screen out those grid states which would result in higher 

probability of the voltage limit being exceeded. The method identifies these grid states so 

that effective network remedial actions can be used to allow increased wind power 

penetration while acceptable voltage quality performance at the PCC can be realized.  

 

  
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6.5.5 Additional comparison with other Methods 

 

Although voltage quality can be investigated using the conventional load flow study, the 

likelihood of the network voltage quantities assuming particular states is not predicted 

since the load flow study is a deterministic method. A more appropriate comparison 

would be based on the probabilistic load flow (PLF) method [92, 93], in which one can 

evaluate probability issues and statistical moments of all state variables and output 

network quantities to indicate the possible ranges of load flow, instead of obtaining a 

point estimate result from the conventional load flow.  

Alternatively, Monte Carlo simulation (MCS) can be used to solve the PLF problem by 

repeated simulations. MSC [120] has been widely used in power system computations, 

especially in reliability assessment. It can provide considerably accurate results, but the 

computation is time-consuming. In the present investigation, the technique that combine 

MCS with multi-linearized power flow equations described in [121] has been adapted in 

order to reduce the computational burden. Specifically, MCS is utilized to generate 

random wind speed in order to obtain realistic wind power distribution. The wind power 

then forms the input to the load flow study of the studied network. This approach 

provides a simplified and yet effective technique to investigate voltage quality violations. 

Results obtained by MCS are set as benchmarks for comparing against the proposed 

statistical method.  

Table 6.5  Computational Time Comparison 

Methods Computational Time (s) 

Monte Carlo Simulation (10000 trials) 77.06 

Monte Carlo Simulation (20000 trials) 156.89 

Proposed method 1.63 

 

The proposed statistical method and the MCS method are implemented by using 

MATLAB M-language. The methods are tested using the same 2.13-GHz PC mentioned 

earlier. The average computation times based on the combined MCS-multi-linearized 

power flow equations with different trials have been tracked. The computational times are 

compared with that using the proposed statistical method, as shown in Table 6.5. From 
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Table 6.5, it is seen that the MCS requires some 77 s on the PC in order to generate 10000 

trials and provides the estimated probability density distribution of wind speed and power. 

And the computational burden would be even larger if more trials are required. The 

computational time is at least some 50 times less using the proposed statistical method, as 

is clearly shown in the table.  
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Fig.6.10  Comparison between the probability density distribution of wind speed obtained 

from MCS and proposed method 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.05

0.1

0.15

0.2

0.25

Active power (p.u)

D
e
n
s
it
y

 

 

MSC

Proposed method

 

Fig.6.11  Comparison between the probability density distribution of wind power 

obtained from MCS and proposed method 

Next, Figure 6.10 and 6.11 compare the probability density curves obtained by the MCS 

(based on 10000 trials) and the proposed statistical method. From Fig. 6.10, it is seen that 

the wind speed distributions obtained from the two methods agree well. Differences in 

some local part of the distributions occur and these deviations are mainly caused by linear 

approximations. Again, it can also be seen from Fig. 6.11 that the probability density 
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distributions of wind power obtained by the proposed method are in reasonable agreement 

with those obtained by the MCS. This is most encouraging as the proposed probabilistic 

method is an efficient computational technique to assess voltage quality in wind farm-grid 

connected system, in terms of its simple arithmetic operation, while it can still provide 

good estimates of voltage deviations and their likelihood of occurrence. 

 

6.6 Conclusion 

 

In this chapter, a statistics-based analysis method has been proposed for the purpose of 

assessing the impact on voltage quality caused by wind power generation. Voltage 

deviation has been computed using the probabilistic models of wind power production 

and grid Thevenin impedance. An index called significance level of the voltage deviation 

α has been developed to provide a probabilistic measure of the voltage quality 

performance. By considering the contributing factor from each of the grid states that 

constitute α, possible solution methods to improve on voltage quality can be obtained. 

This will lead to a corresponding increase in the wind power penetration level that can be 

accommodated in the grid, with acceptable voltage quality at the PCC. A case study 

example is included in this chapter to illustrate the effectiveness of the proposed method.  
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CHAPTER 7 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

 

This thesis has documented the investigation of the grid integration issues for wind based 

renewable energy conversion system in terms of architecture, control and analysis. The 

research includes a review of current wind market development, the advance of wind 

turbine technology and grid regulations for wind power penetration; Modeling of DFIG 

wind generation system and the potential ride-through enhancement solution; Modulation 

of an integration of three-switch buck-type rectifier and Z-Source inverter and its 

application for PMSG based wind turbine; and statistics-based voltage assessment method 

for large wind power penetration.  

A strong increase of worldwide wind capacity is expected in the next decade. The turbine 

configurations have been reviewed in terms of different generators and the main grid 

connection demands has been reviewed in terms of safety operation of transmission 

systems. All these investigations are intended to clarify the potential challenges of 

modern wind turbines and thus provided a guide to define research objectives in this 

thesis. In fact, with the increase of wind power penetration into utility, it is desired to 

design a grid compatible wind turbine, which is able to improve turbine operating 

performance and eliminate negative impacts on the network, such as fault ride-through 

capability, flexible voltage regulation and power quality issue.  

DFIG based wind turbine has been adopted by many turbine manufacturers due to the low 

cost of its partial-scale power converter. However, enhancing ride-through capability 

under grid fault events has been worldwide recognized as a challenging problem of the 

DFIG wind generation systems. Hence, a potential ride-through solution, which is 

inspired by power quality improvement devices, i.e., series compensation, has been 

proposed in this thesis. The compensator is in series with the stator windings of DFIG in 

order to eliminate the effect of grid voltage faults. The essential behavior of DFIG during 
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faults has been analyzed via phasor diagram. Then an improved ride-through control 

scheme based on the ramp-function injection voltage has been developed to significantly 

reduce the energy capacity of the series compensator, which in turn reduce the capital cost. 

The performance of the designed architecture has been verified in simulation. 

Compared with DFIG, the PMSG based wind turbine has better grid integration 

performance since full-scale power electronics converter is utilized. The power 

electronics are enabling wind turbines to have better dynamic response, faster fault 

monition, and quicker reaction operation. Thus it is recognized that power electronics 

play an important role in modern wind turbine. Hence, in this thesis, the integration of a 

three-switch buck-type rectifier and a Z-Source inverter has been developed to design a 

reliable power architecture for PMSG based turbine. The detailed modulation and 

operating principle of this topology were discussed and thereby the modulation scheme 

has been verified by both simulation studies and experimental results.  

Subsequently, the design methodology, the simulation studies, and the experimental 

verification of the aforementioned architecture for PMSG application have been presented. 

The proposed generator-side control strategy is optimized from the fundamentals of the 

Id=0 control and the unity power factor method. The voltage-oriented control is adapted 

for the Z-Source inverter to decouple active and reactive power control while extracting 

the maximum wind power by adjusting the shoot-through duration of the Z-Source 

network. The detailed numerical simulation and experimental results have verified the 

proposed control schemes.  

With the increasing wind power penetration into grid utility, voltage quality analysis is 

becoming one of the important issues. In this thesis, a statistics-based analysis method has 

been proposed for the purpose of assessing the impact on voltage quality caused by wind 

power generation. Voltage deviation has been computed using the probabilistic models of 

wind power production and grid Thevenin impedance. An index called significance level 

of the voltage deviation α has been developed to provide a probabilistic measure of the 

voltage quality performance. By considering the contributing factor from each of the grid 

states that constitute α, possible solution methods to improve on voltage quality can be 

obtained. This would lead to a corresponding increase in the wind power penetration level 
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that can be accommodated in the grid, with acceptable voltage quality at the PCC. A case 

study example has been included to illustrate the effectiveness of the proposed method.  

 

7.2 Recommendations 

 

Based on the contributions of the completed project, further researches are recommended 

in following areas. 

1. Energy storage control scheme for smoothing wind power 

When renewable energy penetration reaches sufficiently high levels (around 20%–30% of 

total capacity), the intermittent nature of renewable source such as wind power, can begin 

to have noticeable negative effects on the entire grid. To meet this potential challenge, the 

utility has the right to curtail wind energy in order to avoid any violation of the system 

constraints.  

The integration of energy storage systems (ESSs) with renewable energy resources has 

become one of the most viable solutions for facilitating increased penetration of 

renewable energy. Further studies for allocating an ESS in a distribution system with a 

high penetration of wind energy are suggested. The ultimate objective is to maximize the 

benefits for both the wind power plant and the utility by sizing the ESSs to accommodate 

all amounts of excess wind energy and by then allocating it within the system in order to 

minimize the annual cost of the electricity.  

2. Scaled-up implementation of ride-through enhancement for DFIG system 

The proposed control algorithm for ride-through enhancement for DFIG system can be 

scaled up to be implemented for a MW power level DFIG wind turbine in order to 

demonstrate the effectiveness and practicality for industry application. One design issue 

that needs to be considered is that the selection of power rating of rotor-side converter 

should be large enough so as to guarantee the safety operation of the converter during the 

demonstration of fault conditions. Then real-time monitoring of grid voltage fault would 

be one of the challenges in the experiment, which affects the start and end of the series 

compensation duration.  
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3. Ride-through enhancement of PMSG based wind turbine 

PMSG based wind turbine is expected to have a large market share in the next decade. 

The ride-through problem of PMSG is easier to solve than that of DFIG since it has a full 

scale power converter. However, the rated power of PMSG is up to 5MW, which presents 

a high requirement for crowbar circuits in terms of cooling facilities and maintenance. 

One potential way is to merge energy storage system into the turbine. The flywheel 

energy storage system is a good alternative since it has fast charging and discharging 

characteristics for absorbing and supplying energy during fault transients.  

4. Statistics-based analysis method for the purpose of assessing frequency control 

With the large wind power penetration into grid utility, active power and frequency 

control is also one of the important issues. In this thesis, a statistics-based analysis 

method has been proposed for the purpose of assessing the impact on voltage quality. 

Further studies of frequency control are suggested to carry out via statistical methods. 

Frequency regulation can be computed using the probabilistic models of wind power 

production and system loads. An index called significance level can be also developed to 

provide a probabilistic measure of the frequency control performance. The corresponding 

case study is recommended using a practical micro grid simulator for simplification.   
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Appendix A: Laplace transform 
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Fig.A.1 single-line equivalent circuit of grid-connected wind farm including transmission 

circuit 

With the concern of fault situation shown in Fig.A.1, the (3.37) and (3.38) is rewritten as 
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The first terms in the right hand side of (A.1) and (A.2) are second-order model, which 

contribute on the vibrating of rotor current response. Thus the second terms are constant 

transfer function, which is insensitive on the vibrating. In order to reduce the vibrating, it 

is only needed to focus on the second-order model. On the other hand, the second terms in 

(A.1) and (A.2) are determined by the transmission circuits, but the first terms are 

depended on the DFIG, which is the scope of this study.  
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Fig.A.2 The stator voltage of DFIG (a) without the series compensator (b) with linear-

ramped series compensator 

Figure A.2(a) shows the profile of stator voltage without the series compensator. In 

Fig.A.2, k is the voltage drop severity. At time 0t , there is a grid fault, which makes the 

stator voltage drop. Herein, 0t  is large enough to make the system into the rated condition 

before the grid fault. Consequently, the stator voltage in Fig.A.2(a) in frequency domain 

can be expressed by  
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Where Vs is the magnitude of the nominal stator voltage. 

On the other hand, with the linear ramp voltage generated by the series compensator, the 

stator voltage of the DFIG can be illustrated in Fig.A.2(b). And this voltage in frequency 

domain can be expressed by 
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Hence, due to (A.1) and (A.2), the rotor current responses according to the stator voltages 

shown in Fig.A.2 can be calculated as follow: Substituting (A.3) into (A.1) and (A.2), the 

rotor current d- and q-axis components can be calculated by inverse Laplace 

transformation, which is presented in (3.39) and (3.40). Similarly, substituting (A.4) into 

(A.1) and (A.2), the rotor current d- and q-axis components can be also calculated as 

shown in (3.43) and (6.44).  
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Appendix B: Wind power probability calculation 

Derivation of the equation (6.9):  

With the three operating ranges of the WTG, the calculation of the captured wind power 

can be divided into three sub-sections as zero output power, rated output power and 

power between zero and rated values. 

During zero output power, the corresponding probability can be expressed with the wind 

speed distribution in (6.5): 
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During rated output power, the probability is derived as: 
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Finally, when the output power is between zero and the rated levels, the probability value 

can be calculated by applying (6.6) directly. Hence, (6.9) can be determined. 

 


