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Abstract 

This thesis investigates the effects of increased penetration levels of DFIG based 

wind turbines on rotor angle stability of power systems and how these impacts could 

be mitigated. The main outcome of this research is the comprehensive assessment of 

the stability improvements that can be achieved through a novel cost-effective 

control approach using existing DFIG equipments.  

A control strategy for both the rotor-side converter (RSC) and grid-side 

converter (GSC) of the DFIG is proposed to mitigate DFIGs impacts on the system 

stability. DFIG-GSC is utilised as a static synchronous compensator (STATCOM) to 

provide reactive power support during the active crowbar time when controlling of 

both reactive and active power is lost and a large amount of reactive power is 

absorbed. In addition, a supplementary power system stabiliser (PSS) is designed 

taking into account the influence of the crowbar system.  To overcome the effects of 

PSS active power modulation, the PSS is designed to be implemented in the reactive 

power control loop of DFIG-RSC. 

The proposed approaches are examined on IEEE 9-bus and IEEE 39-bus systems 

under both small and large disturbances. The simulation results show the 

effectiveness and robustness of both approaches to enhance rotor angle stability. As 

the levels of wind penetration are increased, the benefit of such a control scheme is 

that the DFIG-based wind farms are able to take over the synchronous generators 

responsibility to support power system stability.  

As wind power is stochastic and fluctuates with the variation of wind speed, the 

proposed DFIG PSS should have the capability to damp power system oscillations 

effectively under non-uniform variable wind speeds across the wind farm.  

Therefore, the feasibility of the proposed fixed parameters PSS is evaluated using the 

IEEE 39-bus test system taking into account the non-uniform and variable wind 

speed profiles. The results confirm the robustness and stabilising effect against 

various operating modes and under various wind speeds. 
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B Control or input matrix of size n×m 

Δy Incremental output vector of dimension p  

C Observation (output) matrix of size p× n 

D Feed-forward matrix of size p×m. 

ϕ Modal transformation matrix 



 

 

XXIII 

 

 Transient stability index 

δ
max 

 Maximum angle separation in degrees between any two 

generators  

z Vector of modal variables 

Ri Open loop residual of the system transfer function 

f  Electrical frequency  

λ Eigenvalue 

σ Real component that provides damping 

ω Complex component that gives the frequency of oscillation  

ζ Damping factor 

Pij Participation factor 

ϕji The j
th

 entry of the i
th

 right eigenvector 

ψij The j
th

 entry of the i
th

 left eigenvector 

H  System inertia constant  

Ht Inertia constants of the turbine  

Hg Inertia constants of the generator 

Tm Mechanical torque applied to the turbine 

Te Electrical torque of the generator 

Ttg Internal torque of the model 

Dt Damping coefficients of the turbine 

Dg Damping coefficients of the generator 

Dtg Damping coefficient of the shaft  

Ktg Shaft stiffness 
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             Chapter 1

Introduction 

1.1 Background and Motivation 

Traditionally electricity was only generated by converting one of the primary 

energy sources, such as fossil fuels (oil, natural gas, coal, etc.) or nuclear fission, into 

electrical power. The primary energy sources are used to generate heat which is used 

in a steam-cycle to convert the thermal energy into mechanical energy and then to 

electrical power. However, using fossil fuels or nuclear fission as a primary source of 

energy have environmental impacts, such as greenhouse effect and nuclear waste 

disposal [1-3]. Therefore, reducing the emissions has become one of the most 

important targets agreed under the Kyoto protocol [4]. In order to reduce greenhouse 

effect and nuclear disposal, more efforts are put in generating electricity from 

renewable energy sources. Recently, many countries are encouraging the use of 

renewable clean energy sources due to environmental concern and the push for 

carbon-free power generation. New policies, such as the Renewable Portfolio 

Standard (RPS), have been implemented by several countries to encouraging the use 

of renewable clean energy sources to generate electricity. RPS is a regulation that 

supports generating electricity from renewable energy sources. It places an obligation 

on electricity supply companies to produce an increasing proportion of the electricity 

they supply from renewable sources. RPS mechanisms have been adopted in UK, 
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Italy, Belgium and USA [5]. Another common name for this concept is renewables 

obligation in the UK.  

Among the renewable energy sources, wind energy is one of the feasible choices 

which has led to the great expansion of wind power generation during the past 

decade [6-8]. The total global installed wind at the end of 2015 was capable of 

meeting 4.3% of electricity demand, up from less than 1% at the end of 2006 [9]. In 

EU, the total installed grid-connected wind power by the end of 2014 was enough to 

cover 10.2% of the EU’s electricity consumption [10]. Moreover, according to the 

International Energy Agency (IEA), by the year 2050 between 57 % and 71 % of 

global electricity demand will be supplied by renewable energy sources  “sustainable 

future” scenario [11]. This growth has been supported by energy policies and wind 

turbines cost reduction [12]. Worldwide, the installed wind power capacity has 

reached 433 GW at the end of 2015 with 63GW of new wind power installed during 

2015 alone as shown in Figure 1.1 [13].  

 

Figure 1.1  Installed wind power global capacity and annual additions, 2005–2015 [13] 

At the end of 2015, the UK’s wind power total capacity reached 13.6 GW, with 

8.5 GW of onshore and 5.1 GW of offshore wind. In 2015, wind power provided 

11% of the UK’s total electricity supply, breaking the 10% barrier for the first time. 
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Moreover, in the final quarter 13% of all UK electricity was generated by wind 

power, and a monthly record of 17% was set in December [14]. 

The technology of wind energy has improved considerably from fixed speed 

wind turbines to variable speed wind turbines in the last decades. As variable speed 

wind turbines have high energy capture efficiency and reduced drive train stresses, 

they have become the typical type for new wind farm installations [15]. Variable 

speed wind turbines such as full-scale power converter wind turbine equipped with a 

direct-drive synchronous generator (SG) and the DFIG have become the two main 

generator alternatives [16, 17]. The full-scale power converter wind turbines type has 

the disadvantage of cost mainly due to a power converter rated for the full power 

[18].  

With the increasing penetration of wind power, wind farms begin to influence 

power systems in a significant manner as wind farms are introduced to replace 

conventional generation to a certain extent. Due to such increase in wind power, the 

stability of power systems may be adversely affected as the wind turbines technology 

are substantially different from conventional power plants [17]. Moreover, wind 

turbines gradually start to replace the output of conventional power plants and thus 

many aspects of the power system operation, control, and stability might be affected 

[19]. Maintaining power system stability during, for example, a short circuit fault 

will be more important as the levels of wind power is considerably increasing in 

years to come [20].  

The impact of wind power on power system stability can be ignored if the 

penetration of wind power is very low. However, with high levels of wind power 

penetration, wind farms may replace large conventional SGs, the dynamic 

performance of the power system might be affected [21]. Therefore, special 

requirements are set for wind power integration to avoid any potential negative 

impacts that wind power can have on the operation and stability of power systems [8, 

22]. Wind farms must comply with requirements such as fault ride-through 

capabilities [23-25], reactive power and voltage control capability[24, 26, 27], and 



Chapter 1: Introduction 

 

27 

 

frequency regulation [24, 28]. Moreover, as the capability to damp power system 

oscillations is important in power systems, wind farms will be required to contribute 

to the damping of power system oscillations [19, 29-31].  

1.2 Power System Stability Challenges 

Power system stability is an essential requirement for secure and reliable 

operation of power system while minimising the risk of a blackout. Maintaining the 

stability of power systems during any incident is the main issue of power systems 

operators, which will be challenged with increasing levels of wind power 

integrations. Therefore, a comprehensive understanding of power system stability 

with high penetration of wind generation is crucial for reliable power system analysis 

and operation, and it is essential to develop methods that mitigate adverse effects of 

wind power on power system stability.   

1.2.1  Power System Stability Issues 

Stability of power system is a complex problem. It can be practically divided 

into groups categorised by their time frame, the size of the disturbance, consequence, 

and physical character. Power system stability has been defined and classified by the 

Institute of Electrical and Electronics Engineers (IEEE) and International Council for 

Large Electric Systems (CIGRE) as follows  [32]: 

 Rotor Angle Stability: This is the ability of SGs in the interconnected 

power system to remain synchronised after being subjected to a 

disturbance. For a better understanding of rotor angle stability, it is useful 

to characterise as follows: small signal stability or (small disturbance rotor 

angle stability) and transient stability or (large disturbance rotor angle 

stability). 

 Voltage Stability: This is the ability of the power system to maintain 

acceptable voltage levels at all system buses under normal operating 

conditions, and after being subjected to a disturbance. Voltage instability 
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may occur as a result of progressive and uncontrollable fall or rise in 

voltage of some of the system buses. 

 Frequency stability: This is the ability of the power system to maintain 

the frequency within its limit after the system is being subjected to 

disturbance resulting in a significant mismatch between generation and 

load. Frequency stability depends on the ability of power systems to 

maintain or restore equilibrium between system generation and load. 

This thesis focuses on rotor angle stability. The electromechanical oscillations 

inherent to power system operation which can lead to wide-spread problems and 

even system collapse and are of particular interest in this research. 

1.2.2 Power System Oscillations 

In normal conditions, all interconnected SGs are synchronised with each other 

and hence rotating at the same speed. In this case, there is a balance between the 

input mechanical and output electromagnetic torques of each SG in the 

interconnected system. However, in the event of a disturbance, rotors of synchronous 

machines may accelerate or decelerate leading to angular position difference between 

rotors, which can influence the output of SG.  The system can sustain rotor angle 

stability with the help of installed generators controllers that act to reduce this 

deviation.  However, rotor angle stability can be lost if the difference in angular 

position increases continually leading to large fluctuations in the generator output 

power, current, and voltage. Growing power system oscillations can lead to system 

instability and eventually the disconnection of equipment, and possibly can lead to 

further cascading failures. Ensuring that power system oscillations are well damped 

is the main problem of modern power systems [32].  

1.2.2.1  Consequences of Unstable Power System Oscillations 

The first power system oscillation was observed in the Northern American power 

network in 1964. The oscillation occurred on the tie line during a test to connect the 

Northwest Power Pool and the Southwest Power Pool [33]. Since then, many power 

system oscillations incidents have been reported in power systems around the world.  
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In USA, an outage of the Northern American Western Systems Coordinating 

Council (WSCC) network on 10 August 1996 was directly due to the power 

oscillations. A series of events started when a 500 kV line tripped within WECC 

system led to power oscillation between northern and southern parts of the WSCC 

which were oscillating against each other. The growing oscillations between the two 

areas reached an amplitude of 1000 MW, as shown in Figure 1.2, which eventually 

led to the separation of the WSCC network into four islands. The event affected 7.5 

million customers for up to 9 hours and resulted in losing 30 GW of load and 27 GW 

of generation, and 7.5 million customers were without power [34]. The outage of the 

WSCC network on 10 August 1996 was directly due to the power oscillations. The 

blackout could be avoided, and the system could have maintained stability if the 

power oscillations were sufficiently damped [34-36].  

 

Figure 1.2  Growing power oscillations on California-Oregon AC Intertie that occurred during the 10 

August 1996 blackout in the North American Western Interconnected system [34]. 

WSCC network is one of many examples, with power oscillations causing 

further issues in a variety of power systems, including [37]:  

 Detroit Edison - Ontario Hydro - Hydro Quebec (1960s, 1985) 

 Finland-Sweden-Norway-Denmark (1960s) 

 Saskatchewan-Manitoba Hydro-Western Ontario (1966) 

 Italy-Yugoslavia-Austria (1971-1974) 

 Mid-continent area power pool (MAPP) (1971, 1972) 

 South East Australia (1975) 
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 Scotland-England (1978) 

 Western Australia (1982, 1983) 

 Taiwan (1985) 

 Ghana-Ivory Coast (1985) 

 Southern Brazil (1975-1980, 1984 

1.3 Previous work - State of the Art 

The integration of non-synchronous generation units into power systems can have an 

impact on power system stability.  In the literature, considerable research efforts 

have been dedicated to address the wind power integration issues. With large-scale 

integration of wind power into power systems, new stability concerns emerged and 

more attention is paid to understand the effects of wind power on power system rotor 

angle stability and how their effects can be mitigated [38, 39].  

Variable speed wind turbines employing DFIG represent the most popular 

technology in currently installed wind turbines due to their flexible controllability 

and relatively low price [16, 17, 40]. DFIG is able to control its own reactive power 

to operate at a given power factor or to control the generator terminal voltage by 

using power electronic converters [41]. However, the capability of DFIG voltage 

control cannot match that of the SG for the reason that its power converters have a 

limited capacity. Thus, the stability of the power system is affected in the unfortunate 

event when the voltage control requirement is beyond the capability of the DFIG 

[42]. This problem can be resolved out by supporting the voltage through a reactive 

power compensation device such as static synchronous compensator (STATCOM) to 

provide rapid and smooth reactive compensation and voltage control [43, 44]. 

However, these devices are expensive, and many utilities hesitate to install them into 

their grid due to expected high costs [45]. In addition, the size of DFIG converters 

can be increased to increase the amount of reactive power that can be provided. 

However, this solution increases the overall cost  which is one of the main 

advantages of DFIG over full power converter wind turbines [18].  
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In [46], the effect of reactive power supplied by wind generation on rotor angle 

stability was examined. The study concluded that transient stability could be 

improved and the oscillations damped more quickly if the terminal voltage of the 

wind generation is controlled. Moreover, SG rotor angle is directly influenced by 

reactive power control strategy used by the wind generation. However, [46] does not 

take into account the influence of the crowbar protection system which can lead to 

more severe voltage sag [47]. Since keeping the DFIG connected during transient 

grid faults is a grid code requirement, a number of published papers [48, 49] 

presented various strategies to ensure the continuous operation of DFIG. In [50], a 

decoupled fault ride through strategy to improve inertial response and reactive power 

capability of DFIG is proposed. The result shows that DFIG-GSC can be used to 

enhance the voltage during a grid fault. The strategy used in [50] prioritises the 

reactive power control through the GSC over DC voltage control once the terminal 

voltage drops below a predefined voltage level. Moreover, the rating of the installed 

GSC is larger than typical rating which is usually at 30% of the nominal generator 

power [51]. For the full power converter wind turbines, the GSC can also be used as 

a STATCOM [17, 52]. This can be done at very low wind speeds or during the fault 

with additional devices to absorb the generated active power. When there is a fault 

on the AC grid, the grid voltage falls to low levels in the vicinity of the fault location, 

thereby reducing the power transfer capability from the wind turbines. In contrast, 

power generated by the wind turbines cannot be ramped down instantaneously. The 

excess power is accumulated in the DC link leading to DC overvoltage. Chopper 

controlled resistors are used to dissipate the excess power and thus limit DC voltage 

rise [53, 54].  

The effect of wind power generators on small signal stability depends on the 

kind of wind generator and their controllers [17]. DFIGs are not synchronously 

coupled to the power systems as the power electronic converters act as an interface 

between DFIGs generators and the grid. Therefore, they do not directly engage in 

power systems electromechanical oscillations nor do they produce new oscillatory 

modes [29, 55-57]. However, the rapid increment of wind power penetration can lead 

to the displacement of conventional plant inertia and other topology changes that 
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have the potential to influence the oscillation modes [55]. Moreover, DFIG wind 

turbines can affect the overall damping performance when replacing synchronous 

machines which are equipped with power system stabilisers (PSSs) [58]. Therefore, 

damping contribution of installed wind turbines is of significant importanc, and this 

can be achieved by introducing an auxiliary PSS loop into the DFIG controller [29].  

Variable speed wind turbines are capable of controlling active and reactive 

power, and both could be used to improve small signal stability. In recent years, 

several researchers have examined the capability of DFIGs for damping power 

oscillations [29-31, 56, 58-60]. In [30, 31, 58-60] an auxiliary DFIG damping 

controller within the active power controller is proposed. References [30, 31, 59] 

show that DFIG equipped with PSS within active power control loop can damp the 

power system oscillation effectively. Consequently, DFIG with PSS can contribute to 

the oscillation damping much more effectively than the SG with PSS control. 

However, the control schemes used in [30, 31] are based on flux magnitude and 

angle control (FMAC) whilst the common control schemes for the commercial DFIG 

are based on standard decoupled d-q vector control mechanism [61]. The use of 

active power modulation can decrease the damping of the DFIG shaft mode [62]. 

This increases the stress on the DFIG rotor shaft and decreases the lifespan of the 

mechanical system. Moreover, reference [63] reported that PSS with active power 

modulation is adversely influenced by the torque variations due to tower shadow. 

Additionally, the effectiveness of the PSS with active power modulation can be 

reduced if the DFIG reactive power is used to control the grid voltage [60].  

As DFIGs are able to control real power and reactive power independently, 

reactive power modulation can be used to regulate the voltage and enhance their 

capability to damp power oscillations. Only a small number of studies have been 

published concerning the use of DFIG reactive power for oscillation damping [62, 

64, 65]. The results presented in these papers show that DFIGs can effectively damp 

power system oscillations using an additional control attached to the reactive power 

control circuit. Also, none of them takes into account the influence of the crowbar 

system when the control of active and reactive power is lost, and a large amount of 
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reactive power is absorbed. Moreover, the studies carried out in [62, 64, 65] do not 

take into account the impact of the stochastic wind speed behaviour on the proposed 

damping controller.  

1.4 Research Aims and Objectives 

Throughout the project and in the conducted studies, realistic power systems 

were analysed with detailed simulation models of a commercially available DFIG 

based wind turbines to reflect commercial DFIG wind turbine characteristics. The 

main aims of this research are to investigate and mitigate the impact of increased 

penetration levels of DFIG based wind turbines on transient and small signal stability 

of power systems. In order to achieve these aims, the following research objectives 

have been defined: 

 Conduct comprehensive reviews and critically evaluate state of the art 

research articles in the area of wind power and power system stability to 

understand the characteristics of various wind turbines, particularly DFIG 

based wind turbines.  

 Build a valid steady-state and dynamic detailed model for DFIG based wind 

turbines to evaluate the impact of wind generation on rotor angle stability of 

power systems and investigate the possible contribution of DFIG to damp out 

power system oscillations.  

 Provide a clear understanding of the impacts of replacing conventional SGs 

with equivalent DFIG wind farms on rotor angle stability of power systems 

and compare the performance of DFIGs with that of SGs.  

 Develop a control strategy by using the available DFIG reactive power to 

enhance the system stability during the active crowbar time when controlling 

of both reactive and real power is deactivated and a large amount of reactive 

power is absorbed.  

 Design a PSS to allow DFIG based wind turbines to participate in power 

systems oscillations damping.  
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 Examine the capability of DFIG reactive power modulation to damp power 

system oscillations under different operating conditions within the same wind 

farm and stochastic wind speed behaviour. 

1.5 Original Contributions of the Thesis 

The work within this thesis contributes to a number of areas of power systems 

research, specifically surrounding the effects of high penetration of DFIG wind 

turbines on the power systems rotor angle stability. The results of the works in this 

thesis provide a valuable contribution to the following aspects: 

 A novel cost-effective control approach is developed to lessen the impacts of 

DFIG on the rotor angle stability through exploiting the existing DFIG 

equipment’s. A control strategy by utilising the DFIG-GSC to be used as a 

STATCOM to provide reactive power support during the active crowbar time 

when controlling of both reactive and real power is deactivated, and a large 

amount of reactive power is absorbed. 

 A PSS was designed to evaluate the capability of DFIGs to damp power 

system oscillations. To avoid the negative effects of PSS active power 

modulation, a reactive power modulation PSS using a comprehensive system 

model is developed taking into account the influence of the crowbar system.  

 A nonlinear simulation is used to evaluate the effectiveness of the proposed 

PSS under different operating conditions within the same wind farm and 

stochastic wind speed behaviour across two large-scale wind farms. 

1.6 Thesis Structure 

This thesis consists of seven chapters in total. The six chapters, which follow this 

introduction, are outlined below: 

Chapter 2: Wind Power 

This chapter discussed the development of wind power generation and its rapid 

growth as a result of environmental and economic issues that associated with fossil 
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fuels. Both global cumulative installed wind capacity and the installed wind power 

capacity in leading countries have been introduced. Then, a detailed presentation is 

given on wind turbines technology development and the share of yearly installed 

wind power for each type. Finally, the power system requirements for wind power 

integration to avoid any potential negative impacts that can wind power has on the 

operation and stability of power systems are discussed in this chapter.  

Chapter 3: Power System Modelling 

This chapter provides the basis for the power system modelling of various 

components of the power system including DFIG systems. Within this chapter, the 

mathematical representations of the main electrical power system components are 

presented including SGs, transmission lines, power transformers and systems loads. 

Following this, the modelling of DFIGs for power system stability analysis are 

presented, including wind turbine rotor aerodynamic model, a mechanical model, 

induction generator model, power converter model, control system model and 

aggregated DFIG wind farm model. In addition, operating range of DFIG wind 

turbine, its characteristics, and the maximum power tracking curve for various wind 

speeds are discussed in this chapter.  

Chapter 4: Wind Power and Power System Stability 

An extensive analysis of the effects of wind power on the stability of power 

systems is presented within this chapter. Initially, this chapter details the fundamental 

concepts of power system stability and its classification.  Then, the effects of wind 

power integration on the three types of power system stability, which are rotor angle 

stability, frequency stability, and voltage stability, are investigated in this chapter. 

Finally, two test systems, realistic Western System Coordinating Council and New 

England 39 bus test system are utilised to show the impact of high penetration of 

wind power on power system rotor angle stability. Rotor angle stability of power 

system are analysed with and without wind generation to show the impacts of 

replacing SGs by equivalent DFIG based wind farms on rotor angle stability. 
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Chapter 5: Proposed Control Approaches of DFIG 

The aim of this chapter is to develop control approaches of DFIG based wind 

farms to mitigate the impacts of wind power on power systems rotor angle stability 

as wind penetration levels continue to grow in power systems across the world. In 

order to continue secure service and power delivery to customers, the developed 

control technique can be applied to the installed DFIG wind turbines that are a part of 

power systems today and help maintain system security. This chapter began by 

presenting power systems modal analysis and how models of nonlinear power 

systems can be linearised in order to perform small signal stability analysis from 

which power oscillations damping controller is designed. Residual approach, which 

has been used for designing PSSs in SGs, is used in this thesis to design DFIG 

stabiliser controller. Finally, a control approach to utilise the DFIG-PSSs are 

designed to damp out power system oscillations.  

Chapter 6: Enhancement of Rotor Angle Stability by Utilising the DFIG  

Reactive Power using the Proposed Approaches 

This chapter analyse the impacts of replacing conventional SGs with equivalent 

DFIG wind farms on rotor angle stability of power systems and mitigate these 

impacts by the proposed control approaches. The effectiveness of the proposed 

control methods are examined in both standard Western System Coordinating 

Council and the widely used New England 39-bus test systems. The chapter begins 

by conducting rotor angle stability on each test system without and with wind 

generation to show the impacts of replacing a SG by an equivalent DFIG wind 

turbine on rotor angle stability. Then the integrated DFIG wind turbines are equipped 

with the proposed control strategies to show how effective they are to improve rotor 

angle stability of the test system. Moreover, the capability of the proposed 

conventional fixed parameters PSS to damp power oscillations effectively under non-

uniform variable wind speeds across the wind farm is assessed in multi-machines 

power system with two large wind farms. 
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Chapter 7: Conclusions and Future Work 

In this chapter, the main conclusions of the research are presented, and 

suggestions are made for the future development and improvement of the presented 

methods. 
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            Chapter 2

Wind Power 

2.1 Introduction 

Traditionally electricity was only generated by converting one of the primary 

energy sources, such as fossil fuels (oil, natural gas, coal, etc.) or nuclear fission, into 

electrical power. The primary energy sources are used to generate heat which is used 

in a steam-cycle to convert the thermal energy into mechanical energy and then to 

electrical power. However, using fossil fuels or nuclear fission as a primary source of 

energy have environmental impacts, such as greenhouse effect and nuclear disposal. 

Moreover, these energy sources are limited sources of energy and also lead to the 

production of toxic gases in our atmosphere. According to International Energy 

Agency (IEA), power generation sector, which is the largest emitting sector, is 

responsible for the largest share of emissions in 2013 with more than 40 % [66].  

Therefore, due to environmental and economic issues, which are now becoming 

dominant issues in our society, more efforts are put in generating electricity from 

renewable energy sources. Recently, many countries are encouraging the use of 

renewable clean energy sources to generate electricity by implementing new policies, 

such as the Renewable Portfolio Standard (RPS) [5]. RPS mechanisms have been 

adopted in the UK, Italy, Belgium and USA [5]. Another common name for this 

concept is renewables obligation in the UK. Moreover, under EU action plan, EU 
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countries will have to follow distinctive paths to meeting their obligations including 

their legally binding of 2020 renewable energy targets [67].  

2.2 Wind Power Generation Development 

Among the renewable energy technologies that are being developed, Wind 

turbine technology is the fastest growing renewable energy technology in the world. 

Wind power is considered the most promising renewable energy source for the 

sustainable development of human society. During the last decade, the installed 

capacity of wind turbines has increased at an astonishing rate, and the wind turbines 

costs have continued to decrease [68].  This is due to the supportive policies adopted 

by many countries around the world. Annual installations of wind power in the EU 

increased from 3.2 GW in 2000 to 11.8 GW in 2014. The capacity of wind power 

installed in EU in 2014 is counted as almost 44% of all newly installed power 

capacity [10]. Figure 2.1 Shows the net growth of all installed power capacity in the 

EU over the period from 2000 to 2014. It is clear that the wind power is dominating 

the new installed capacity over the past decade. The total installed grid-connected 

wind power in EU by the end of 2014 was enough to cover 10.2% of the EU’s 

electricity consumption [10].  

 

Figure 2.1 Net growth of all installed power capacity in the EU over the period from 2000 to 

2014 [10] 
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Wind power is still the most promising renewable energy source used for 

electrical power production. The significance of wind power is growing rapidly 

throughout the world to reduce environmental degradation. According to the Global 

Wind Energy Council (GWEC), the global cumulative installed wind power capacity 

worldwide has exceeded 369 GW at the end of 2014 and would reach 712 GW by 

2020 [14]. The global installed wind power capacity in a single year reached a new 

record in 2015 when the total installed wind power capacity was more than 63 GW, 

which is a sharp rise in comparison to 35.6 GW installed in 2013 as shown in 

Figure 2.2. The global cumulative installed wind power capacity between 2000 and 

2015 is shown in Figure 2.3. The integration of wind power has grown significantly 

from 17.4 GW in 2000 to more than 432 GW in 2015 [69]. The integration of wind 

power is expected to continue as more countries have authorised encouraging 

policies to speed up the wind power development [70]. The continued growth of the 

use of wind power indicates that wind power would play a significant role in the 

modern power systems.   

 

Figure 2.2   Global annual installed wind capacity 2000-2015 [69] 
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Figure 2.3   Global cumulative installed wind capacity from 2000 to 2015 [69] 

2.3 Installed Wind Power Capacity in Leading Countries 

There has been a significant growth in interest in wind power generation 

throughout the world. According to GWEC, Figure 2.4, approximately 311 GW (84 

%) of the global wind power capacity are a cumulative capacity of the top ten 

countries, which are China, the USA, Germany, Spain, India, United Kingdom, 

Canada, France, Italy and Brazil [4]. The amount of installed wind power in MW for 

top ten countries is shown in Table 2.1. 
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Figure 2.4  Top ten countries cumulative wind power capacity (End of 2014)  [10] 

 

Table 2.1 Top ten countries installed cumulative wind power capacity in MW 

 (End of 2014) 

 

Country Wind power (MW) 

(MW) (MW) 

Country Wind power (MW) 

China 114,609 France 9,285 

USA 65,879 Italy 8,663 

Germany 39,165 Brazil 5,939 

Spain 22,987 Rest of the 

world 

58,473 

India 22,465 Total top ten 311,124 

United Kingdom 12,440 World total 369,597 

Canada 9,694   
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2.3.1 China 

China began to utilise wind power in the 1970s. However, the use of wind power 

grow slowly until 2006, when encouraging policies were issued [70]. Currently, wind 

power growth is led by China since 2010 with more than 23 GW of new wind power 

installed in 2014 alone, which is the highest annual number for any country ever. It is 

not surprising that China replaced the US as the biggest wind market, as the total 

installed capacity has doubled every year from 2006 until 2010. Moreover, the 

source of wind energy is abundant in China with a usable onshore and offshore wind 

power capacity of 700 GW to 1,200 GW [71]. 

 

Figure 2.5  Total installed wind power capacity in China from 2001 to 2014 [10] 

China in 2014 exceeded the 100 GW (approximately 31 % of global wind power 

capacity) of cumulative installed wind power capacity, as shown in Figure 2.5, and 

targets to double this wind power capacity to 200 GW by the end of 2020 [4]. The 

contribution of generated wind power in China is increased from 1.5% in 2011 to 

2.78% in 2014 of the country’s total electricity generation.  

Recently, new policies have been introduced to force grid companies to give 

wind and other renewable electricity sources priority access to the grid, as the 

availability of suitable grid capacity remains the most serious challenge facing the 

wind industry in China [72].  
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2.3.2 USA 

Currently, the US is the second largest market regarding total installed capacity 

after China. The newly installed wind power capacity in 2014 was 4,854 MW, which 

is over four times more than the wind power installed capacity in 2013. The newly 

installed wind power brings the total cumulative wind power capacity in the USA to 

65,879 MW at the end of 2014. This amount of wind power is accounted for 5.23% 

of total installed generation capacity in the US. Wind power accounted for almost 

31% of all new generating capacity installed over the period between 2009 and 2013 

[73].  

In the past five years, the cost of wind power has dropped remarkably 58% [10]. 

Generating electricity from wind power at a reasonable price in the US makes it an 

important choice to be considered by utilities for new generation. The wind energy in 

the US is growing steeply and could become the mainstream generation technology 

as shown in Figure 2.6. The wind power vision outlined by US Department of 

Energy is to double the current contribution of wind power by 2020 and to reach 

20% by 2030. By 2050 wind power is expected to provide over the third of the 

consumed US electricity [10].  

 

Figure 2.6  Total installed wind power capacity in the USA from 2001 to 2014 [10] 
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2.3.3 European Union Countries 

The use of wind power in Europe grew gradually from the 1980s onwards. 

Among EU countries, Denmark was the first to invest in wind power leading to a 

rapid growth of Danish wind power. This followed by a range of support 

mechanisms by other EU countries to encourage investment in wind power. 

Nowadays, wind energy and other renewable energy sources in EU have the priority 

in order to increase energy security and to achieve their commitments under the 

Kyoto Protocol [74].  

During 2014, the newly installed wind power accounted as 12,858 MW across 

all Europe countries of which 11,375 MW was onshore, and 1,483 MW was 

offshore. The capacity of newly installed wind energy is more than the new capacity 

of gas and coal combined in 2014. The newly installed wind power brought the total 

EU cumulative capacity to almost 128 GW with market growth of 10.5% in 2014. 

The total installed grid-connected wind power in EU by the end of 2014 was enough 

to cover 10.2% of the EU’s electricity consumption, which is up by 2.2% from the 

previous year [75]. Over the half of all newly installed wind power in 2014 was in 

just two countries.  The wind power installed in Germany and the United Kingdom in 

2014 was approximately 59.5% of the total installed wind power in EU, installing 

5,279 MW and 1,736 MW respectively.  

In less than ten years, wind energy’s contribution to UK electricity needs has 

grown from less than 1% to 10%, making wind energy the UK’s single biggest 

source of renewable power [76]. According to UK’s National Grid, wind power 

provided 14% of the total UK demand in January 2015 [77]. Moreover, among all 

EU countries, UK has the largest offshore wind capacity with over 55% (4,494 MW) 

of all installations worldwide. During 2014, 813 MW of the new installed wind 

power in the UK was offshore [77]. Between July 2014 and the end of June 2015, an 

additional 648 MW of onshore and 1,394 MW of offshore wind was installed to 

increase the total capacity to 13,313 MW as shown in Figure 2.7 [77]. 
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Figure 2.7  Operating capacity of UK wind power (2000-2015) [77] 

2.4 Wind Turbine Generator Types 

Commercial wind turbines that available for utility size applications can be 

classified into four major types. These four types can be further divided into fixed 

and variable speed wind turbines depending on their operational ability. Fixed speed 

wind turbines were the most common type of wind turbines installed in the early 

1990s, and there are still many in operation. In fixed speed wind turbines, the wind 

turbine’s rotor speed is fixed and is determined by the gearbox ratio, the grid 

frequency, and the generator design. However, variable speed wind turbines are 

designed to operate over a broad range of wind speeds for maximum aerodynamic 

efficiency. Currently, variable speed wind turbines have become the dominant types 

among the installed wind turbines. 

2.4.1 Fixed Speed Wind Turbine (Type I) 

This is the oldest and simplest wind turbine generation system, which is also 

known as constant speed wind generator. Type I wind turbine based on a 

conventional squirrel cage induction generator (SCIG) directly connected to the grid 

through a step-up transformer, as shown in Figure 2.8. The main components of 
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Type wind turbines system are turbine aerodynamics, gearbox, induction generator, 

soft stator, and reactive power compensation device. As this type of wind turbines is 

connected directly to the grid, no synchronisation device is required. Therefore, the 

generator rotor has to operate at a constant speed around the frequency of the grid. 

As a result, the generator operates at almost constant speed with very small slip in 

the order of 2 % at rated power [78, 79]. Stall or pitch control could be used to 

control the squirrel cage induction generator. Stall control (passive control) referred 

to rotor blades that are designed to reduce the aerodynamic torque of the wind when 

the wind speed is high; whereas pitch control is an active control that can decrease 

the torque by turning the blade around its axis [80]. 

 

Figure 2.8  The basic configuration of fixed speed wind turbine with SCIG (Type I) 

Wind turbines based on SCIG have high starting current due to sudden 

magnetisation at the instant of coupling to the network. Therefore, they are typically 

equipped with soft starter mechanism to limit the starting current, which can be up to 

five to eight times the rated current; and reactive power compensation device such as 

capacitor banks are needed to help with magnetising current supplied from the grid to 

the stator winding [81]. 

Type I wind turbines cannot absorb wind speed fluctuations and thus the 

fluctuation in the torque will occur. This can lead to larger power fluctuations and 

gearbox failures due to the mechanical stresses on the turbine drive train. Moreover, 
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this type always draws varying amounts of reactive power from the grid depending 

on wind conditions. This is undesirable in most cases, particularly in the case of large 

turbines and weak grids where both the voltage fluctuations and the line losses may 

increase. Furthermore, there is no direct control over produced active power or 

absorbed reactive power. In contrast, this type has a number of advantages such as 

robustness, easy to install and inexpensive [17].   

2.4.2 Limited Variable Speed Wind Turbine (Type II) 

This type of wind turbines is similar to the Type I wind turbine. The main 

difference is that this type uses a wound rotor induction generator (WRIG) with a 

variable resistance connected to the generator rotor as shown in Figure 2.9. The 

variable resistance is regulated dynamically by power electronics to control the 

generator slip to absorb the fluctuations into kinetic energy of the wind turbine shaft 

to be discharged as heat in the external resistance. This lead to smaller fluctuations in 

the drive train torque and delivered power. The maximum slip range is 

approximately 10%, which is limited by the external resistance heat losses [17].  

Although the operating speed range is improved in this type in comparison with 

type I, it has the same drawbacks as the old Type I wind turbine with squirrel cage 

induction generator. 

 

Figure 2.9  The basic configuration of limited variable speed wind turbine with WRIG and 

variable rotor resistance (Type II) 
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2.4.3 Doubly Fed Induction Generator Wind Turbine (Type III) 

DFIG based wind turbines is a variable speed wind turbine in which the stator 

windings of the induction generator are directly connected to the grid while the 

windings of wound rotor are connected to the grid through slip rings and a back-to-

back voltage source converter. In a similar way to fixed speed induction generator, 

the wind turbine is coupled to the DFIG through a gearbox as shown in Figure 2.10. 

A large number of modern wind turbines are equipped with DFIGs as they can 

supply active power at a constant voltage and frequency while the rotor speed may 

be varied. This type does not require a soft starter or a reactive power compensator, 

as the power converter can provide the magnetisation of the DFIG and control the 

reactive power independently of the active power.  The size of the converter depends 

on the turbine rating and it is usually around 30% of the turbine rating [17].  

 

Figure 2.10  Basic configuration of a DFIG based wind turbine (Type IV) 

DFIG based wind turbines allow a variable speed operation where the difference 

between the mechanical and electrical frequency is compensated by the voltage 

source converter using a current with a variable frequency. The back-to-back power 

converter consists of two voltage source converters separated by a DC link. The 

converters are known as rotor side converter (RSC) and grid side converter (GSC). 

The behaviour of the DFIG during both normal operation conditions and fault is 

governed by these two converters, which are controlled independently of each other. 
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The RSC controls the active and reactive power whereas GSC controls the DC link 

and can be used to regulate the reactive power exchange with the grid.  

DFIG base wind turbines have several advantages over fixed speed induction 

generators. DFIG wind turbines can yield more energy from the wind than fixed 

speed wind turbines of the same capacity when the wind speed is below its rated 

value, and they have the capability to control active and reactive power 

independently by controlling the rotor excitation current. No soft starter or reactive 

power compensator are required for DFIG. This type has a broad range of speed 

variation that can be determined by the converter size, which is usually ±30% around 

synchronous speed. These advantages made wind turbines equipped with DFIGs the 

most preferred type of wind generation applications. However, the main 

disadvantage of this kind of wind turbines is that it is very sensitive to grid 

disturbances. The RSC is exposed to a high overcurrent through the rotor windings, 

which is caused by a high transient current in stator windings. Therefore, a protection 

system is needed to protect the power converter and to keep the turbine connected to 

the grid.  

2.4.4 Full-Scale Power Converter Wind Turbine (Type IV) 

This type of wind turbine is also a variable speed wind turbine equipped with a 

fully rated power converter that connects the generator stator to the grid as shown in 

Figure 2.11. The generator could either be an induction or SG. Synchronous 

generators can meet different technical requirements in practical wind energy 

systems. The use of permanent magnet SG (PMSG) in Type IV is advised by many 

research articles and has been widely used in variable speed wind turbines. In PMSG, 

the excitation is provided without any energy supply, which allows operation at a 

high power factor and a high efficiency [17]. PMSC based wind turbines may not 

include gearbox as the PMSG can be built with a large number of poles and hence 

rotate at the speed of the turbine blade.  
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Figure 2.11  Basic configuration of full-scale power converter wind turbine (Type IV) 

The power converter of Type IV wind turbine can be arranged in various ways. 

Generator side converter can be a diode based rectifier or a pulse width modulation 

voltage source converter while the GSC is usually a pulse width modulation voltage 

source converter [82]. The power converter of this type of wind turbines enables 

independent control of both the active and reactive power supplied by the generator 

to the grid.  

Type IV wind turbines have some advantages in comparison to fixed speed wind 

turbines and DFIG. In this type, the generator is fully decoupled from the grid and 

hence the grid fault will not be passed to the generator. This is a superior advantage 

as the grid codes have become more restrictive regarding the immunity of the wind 

turbines to grid faults. Moreover, as the converter of Type IV wind turbines is scaled 

to correspond to the rated power of the wind turbine, a wide range of operation speed 

is provided. Additionally, this type can provide more reactive power than DFIG. 

However, there are a number of disadvantages including the high cost and losses of 

full power converter [82].   

2.5 Installed Wind Power for Different Wind Turbine Types  

In the early 1990s, Type I wind turbines were the most common type of installed 

wind turbines. However, the yearly installed Type I wind turbines have declined 

from 70% in 1995 to 39% in 2000 and further reduced to less than 5% in 2009 as 
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shown in Figure 2.12 [17]. From the figure, it is clear that the advantages of variable 

speed wind turbines make them dominate the market from the last decade. The 

yearly installed power of limited variable speed wind turbine has also declined in 

favour of variable speed wind turbines after 1997 to reach its lowest level in 2005. In 

contrast, DFIG based wind turbine installed power has increased to more than 60% 

of the yearly installed power over the period between 1995 and 2009. DFIG based 

wind turbine was first introduced in 1996 and in just five years it started to dominate 

the market. As the global cumulative installed wind capacity reached 120 GW at the 

end of 2008 [69], the installed DFIG capacity worldwide at the end of 2008 was 

approximately 82 GW. Unlike previous wind turbines types, the yearly installed 

power of Type IV wind turbines has no dramatic change over the years between 

1995 and 2009. However, grid requirement, which makes variable speed wind 

turbines favoured over fixed speed wind turbines, Type IV wind turbines will have a 

strong increasing share of the market. Nevertheless, due to the advantages of DFIG 

wind turbines such as costs, weight, and size, they will remain competitive with 

respect to Type IV wind turbines [17]. 

 

Figure 2.12  Share of yearly installed wind power for different wind turbine types [17] 
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2.6 Requirements for Wind Power Integration 

Rules for wind power integration are usually developed by the transmission 

system operator (TSO) to support the system needs. In general, the power system 

requirements for wind power integration depend mainly on the wind power 

penetration level and the power system configuration. In the past, there were no 

requirements for wind power integration into a grid as the levels of wind power 

penetration were very small in comparison to the total installed conventional 

generation. When the penetration of wind power is low, the impact of installing 

additional wind power on the power system will be very small and could be ignored. 

Reference [17] defined the penetration of wind is high if more than 15% of gross 

electricity consumption is covered by wind power and it is low if less than 5% of 

total demand is supplied by wind power. 

Recently, the installation of wind turbines into power systems has increased 

dramatically and thus the levels of wind power penetration are getting higher.  With 

high penetration levels of wind power, the synchronous power system operation and 

stability can be affected. Moreover, currently, large wind farms are being connected 

to the grid and thus may have a significant impact on power systems.  Therefore, 

special requirements are set for wind power integration to avoid any potential 

negative impacts that wind power has on the operation and stability of power 

systems.  The most important technical requirements are as follows:  

 Frequency and voltage tolerance 

 Reactive power and voltage control capability 

 Frequency regulation 

 Fault ride-through capabilities 

And future technical requirements may include: 

 Inertial response 

 Power system stabiliser 
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2.6.1 Frequency and Voltage Tolerance 

Requirements for wind power integration are similar to requirements that apply 

to the connection of large conventional power plants. In a similar way, the 

requirements for wind turbines addresses the performance of the entire wind farm at 

the point of connection rather than addressing individual wind turbines in a wind 

farm. Wind farms are required to operate continuously to provide energy into the 

power system over the range of frequency and voltage and not to trip during system 

disturbances. Figure 2.13 shows the typical shape of voltage and frequency 

requirements for a wind farm. The value of voltage and frequency can vary from 

country to country [83].  

 

Figure 2.13  Typical shape of voltage and frequency requirements for a wind farm [83] 

In the UK, the voltage for 400 kV level normally remains within the limit  ±5% 

of the nominal value during normal conditions and could be between ±10% for no 

longer than 15 minutes unless abnormal conditions are observed. Voltages on the 275 

kV and 132 kV levels normally remain between ±10% of the nominal value during 

normal operation conditions and within limits ±6% of the nominal value for voltage 

levels less than132 kV [24]. For system frequency, wind farms have to maintain 
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constant active power output continuously when the system frequency varies 

between 50.5 Hz and 49.5 Hz [24].  

2.6.2 Reactive Power and Voltage Control Capability 

The voltages at transmission level are determined mainly by the flows of reactive 

power. In a similar way to conventional power plants, wind farms have to regulate 

the voltage at the connection point at a certain limit or to exchange a certain amount 

of reactive power with the transmission network. In the UK Grid Code, the reactive 

power requirement of the wind farm is defined as shown in Figure 2.14. 

 

Figure 2.14  Typical reactive power requirement of a grid connected wind farm in UK [24]. 

Wind farms should operate anywhere within the specified area as instructed by 

the transmission system operator as follows: 

 Point A is equivalent (in MVAr) to: 0.95 leading power factor at rated 

MW output. 

 Point B is equivalent (in MVAr) to: 0.95 lagging power factor at rated 

MW output. 

 Point C is equivalent (in MVAr) to: −5% of rated MW output. 
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 Point D is equivalent (in MVAr) to: +5% of rated MW output. 

 Point E is equivalent (in MVAr) to: −12% of rated MW output. 

Wind farms connected to voltage levels of 132 kV, 275 kV, and 400 kV, must be 

able to supply rated active power at any point between the limits 0.95 power factor 

leading and 0.95 power factor lagging.  With all plant in service, the reactive power 

limits will apply for any active power output above 20% of the rated output active 

power for lagging power factor. However, the reactive power limits will reduce 

linearly below 50% of active power [24]. 

2.6.3 Frequency Regulation 

Due to the dynamic nature of electrical power systems and the large variation of 

load demand, the mismatch between the generation and demand may cause the 

system frequency to increase or decrease.  The system frequency usually varies in 

small quantities, which depend on the net difference between generation and demand 

as the active power balance in the power system is strongly coupled to the frequency. 

Over a certain range of frequency, power systems are able to operate continuously in 

a normal manner. Wind farms have to maintain constant active power output 

continuously when the system frequency varies between 50.5 Hz and 49.5 Hz. 

However, the system frequency could rise to 52 Hz or fall to 47.5 Hz in exceptional 

conditions. Wind farms are required to operate continuously in the specified 

frequency range, and the active power output of the wind farm should not be reduced 

by more than 5% of the system frequency changes within a range 49.5 Hz to 47 Hz. 

Moreover, wind farms are required to operate for a period of at least 20 seconds 

when the frequency drops below 47.5 Hz [24].  

2.6.4 Fault Ride-Through Capabilities 

Traditionally, wind turbines are allowed to trip once the voltage at their terminals 

reduces to a specified level. However, with the rapid increase of wind power 

penetration, a higher spinning reserve is required to prevent the risk of a blackout. 

Since the capability of any power system to return to the normal operation condition 

after clearing faults is a very important issue, fault ride-through capability for wind 
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turbines connected to transmission system is essential. It is an obligation for wind 

farms to remain connected during close-up solid three-phase short circuit fault or any 

unbalanced short-circuit fault. Wind farms should withstand a drop to zero volts and 

remain connected during any network fault with a clearance time of up to 140 ms. 

Wind turbine generators are able to trip only when the voltage is sufficiently low for 

a long time. Following fault clearance, recovery of the voltage at the terminals of the 

wind farm to 90% should not take longer than 180 s [24]. 

2.6.5 Inertial Response 

Conventional SGs rotate at synchronous speed, and therefore, provide a 

substantial synchronously rotating inertia. Any small deviations in system frequency 

cause a change in their rotational speed and associated exchange of energy with the 

system as required. This inertial response is provided instantaneously by SGs without 

any control system.  In contrast, wind turbine generators cannot contribute to the 

system inertia as their electromagnetic torque is partly or fully decoupled from the 

power system frequency via power electronic converters. Therefore, in the event of 

large generator trip, wind turbines will not provide any additional energy 

instantaneously as SGs do [84]  

With the rapid increase of wind power penetration, wind turbines are gradually 

displacing conventional generators, and thus there will be less spinning inertia. In 

this case, the entire power system will become more vulnerable to unexpected 

frequency changes such as sudden change in large loads or loss of generator. 

Therefore, to enhance the system security and stability, it is feasible that future 

requirements for wind power integration will require wind turbine generators to 

provide inertial response [85].  

The lack of inertial response to system frequency changes can be overcome by 

equipping variable speed wind turbines with additional control loops. Several papers 

are published regarding wind turbines inertial response [86-88]. 
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2.6.6 Power System Stabiliser 

Power system stabiliser based on shaft speed is used successfully in traditional 

SGs to provide power damping during and after large disturbances. The function of 

PSS is to add a damping torque component to the generator rotor oscillation by 

controlling its excitation. With the increase of wind penetration, damping provided 

by conventional SGs may be inadequate, and thus, wind turbines contribution toward 

power system oscillations damping becomes essential. To deal with power 

oscillations issues, wind turbines requires not only fault ride-through capability but 

also power oscillations damping capability [19].   

DFIG wind turbines are not synchronously connected to the grid. Hence, they do 

not directly participate in power system electromechanical oscillations [56]. 

However, wind power variation can reduce the damping of electromechanical 

oscillations [29]. Moreover, with the rapid increase of wind power penetration, DFIG 

wind turbines can affect the damping performance when replacing synchronous 

machines, which are equipped with a PSS [58]. Therefore, the damping contribution 

of installed wind turbines is significantly required, and this can be achieved by 

introducing an auxiliary PSS loop into the DFIG controller [29]. Several researchers 

have examined the capability of variable speed wind turbines to provide a damping 

effect for power system oscillations [30, 31, 60].  

Since introducing a damping torque by variable speed wind turbines to damp 

power system oscillation is achievable, future requirements for wind power 

integration will require wind turbine generators to provide a damping effect to 

enhance the interconnected power systems security and stability.  

2.7 Summary  

This chapter has discussed the rapid growth of wind power generation as a result 

of environmental and economic issues that associated with fossil fuels. The global 

cumulative installed wind power capacity worldwide has exceeded 432 GW at the 

end of 2015 and would reach 712 GW by 2020. Wind power growth is led by China 
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since 2010 with more than 23 GW of new wind power installed in 2014 alone, which 

is the highest annual number for any country ever. In the past, fixed speed wind 

turbines were the most common type of installed wind turbines. However, currently, 

variable speed wind turbines such as doubly fed induction generator wind turbine 

and Type IV wind turbine are dominating the market. This is due to the advantages 

of variable speed wind turbines over fixed speed wind turbines as they can control 

active and reactive power independently over a broad range of wind speeds. As the 

penetration of wind power continues to increase, special requirements are set for 

wind power integration to avoid any potential negative impacts that wind power may 

have on the operation and stability of power systems, such as frequency and voltage 

tolerance, reactive power and voltage control capability, frequency regulation, fault 

ride-through capabilities, inertial response, and power system stabiliser. 
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           Chapter 3

Power System Modelling 

3.1 Introduction  

This chapter provides a brief overview of the main power system components 

that have been modelled including DFIG systems, which have been used throughout 

the research to provide the simulation results presented later. Within this chapter, the 

mathematical representations of the main electrical power system components are 

presented including SGs, transmission lines, power transformers and systems loads. 

Following this, the modelling of DFIGs for power system stability analysis are 

presented, including wind turbine rotor aerodynamic model, mechanical model, 

induction generator model, power converter model, control system model and 

aggregated DFIG wind farm model.  

3.2 Synchronous Generators 

Synchronous machines are one of the oldest and most important components in 

power systems. They form the largest source of electricity generator in power 

systems. As maintaining SGs in synchronism is crucial to system stability, their 

characteristics and accurate modelling are very important to the study of power 

system stability. SGs can be modelled with varying levels of complexity depending 

on the nature of the study [89, 90]. In dynamic studies, the SGs are generally 
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represented using the sixth order degrees of complexity model. The sixth order 

model is preferred for representing the round rotor in stability studies, and it is 

employed in this research. Detailed model of synchronous machines can be found in 

[89] and [91]. The synchronous machine is described by the following six equations 

[91]:  
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where       '

,d qE     Transient voltage in d-/q-axis 

  fdE       Field voltage 

  H         Inertia constant 

  ,d qI      Current in d-/q-axis 

  '

,do qoT    Transient time constant of d-/q-axis 

  
''

,do qoT    Subtransient time constant of d-/q-axis 



Chapter 3: Power System Modelling 

 

63 

 

  Pm  Mechanical power 

  Pe  Electrical power 

  '

,d qX  Transient reactance in d- /q-axis 

  ''

,d qX  Subtransient reactance in d-/q-axis 

  
lsX  Leakage reactance 

    Rotor angle 

  1d  Flux linkage d-axis damper winding 

  2q  Flux linkage q-axis damper winding 

  r  Rotor speed 

  s  Synchronous rotor speed: 2πf 

 

3.2.1 Generator Excitation Systems 

The generator excitation system supplies the generator with DC field current to 

provide a satisfactory performance of the generator.  By controlling the field current, 

the excitation system can maintain the machine terminal voltage Et as the output 

varies and thus be able to contribute towards maintaining power system stability. 

This can be done by an automatic voltage regulator (AVR) which provides an 

automatic adjustment of the field current of the SG by regulating the field voltage Efd 

in order to reach the generator stator terminal voltage reference set-point Et
ref

 .In the 

case of a disturbance, the AVR has to act fast enough to enhance the transient 

stability of power system [89, 91]. 

 SGs can be equipped with a PSS in order to reduce rotor speed variations 

following system disturbances. The common used input signal for PSS are generator 

rotor speed deviation [89]. Figure 3.1 shows the functional relationship between the 

SG, excitation system, and the power system stabiliser.  
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Figure 3.1   Block diagram of typical SG excitation system PSS. 

Reference [92] provides comprehensive details for many excitation systems 

which can be found in practice. The excitation systems used within this thesis is 

IEEE Type 1 excitation system which is shown in Figure 3.2 [92]. This type of 

excitation systems represents a majority of excitation systems and is widely used in 

dynamic studies.  

 

Figure 3.2  The basic schematic of IEEE Type 1 Excitation system. 

The first block represents the voltage setting circuit where the TR is the filter time 

constant (s). The second block represents the automatic voltage regulator with 

minimum/maximum voltage regulator outputs limits where KA is the regulator gain 

(pu), and TA is regulator time constant (s). The third block represents the self-exciter 

where KE is exciter constant related to the self-excited field (p.u.), and TE is the 

exciter time constant (s). The lowest derivative stabilising loop represents the 
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feedback loop where KF (p.u.) and TF (s) are the feedback gain and time constant 

respectively. The top feedback loop represents the exciter saturation function value 

SE (p.u.) at the corresponding exciter voltage.  

The dynamics of the exciter is represented by differential equations as follows 

[93]:   
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3.2.2 Power System Stabilisers 

Power system stabilisers are used to damp power system oscillations. The output 

signal of a PSS is sent to the excitation system in order to add damping to generator 

rotor oscillations and improve power system dynamic performance.  

An example of a PSS is shown in Figure 3.3 where Uin is the input signal (the 

rotor speed deviation signal is used in this research for SG PSS), and Upss is the 

output signal of PSS. The amount of damping is determined by the PSS gain Kpss. 

Washout block is a high pass filter that allows a selected input frequency range and 

expected to act only during the transient period. The dynamic phase compensator can 

provide a lead or lag phase compensation to ensure the introduced electrical damping 

torque component is in phase with the rotor speed variation. The limiter is used to 

prevent the output signal from exceeding control limits.  
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Figure 3.3  Block diagram of a PSS 

3.3 AC Transmission Lines 

Generated electrical power is transmitted to consumers through overhead 

transmission lines and cables. All transmission lines in a power system can be 

characterised by four parameters which are series resistance and inductance due to 

the conductor resistivity and surrounding magnetic field respectively, shunt 

conductance due to the leakage current between the phase and the ground, and shunt 

capacitance due to the electrical field between conductors. In transmission lines, the 

effect of shunt conductance is very small and usually neglected. Transmission lines 

are usually modelled using the well-known π equivalent circuit as shown in 

Figure 3.1 [89]. This model was used for modelling AC transmission lines in this 

research.  

 

Figure 3.4 Equivalent π circuit of a transmission line 

3.4 Transformers  

Transformers are used because of their capability to either step up or step down 

the voltage across the power system. In addition, tap changers are often used to 
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control the voltage by changing the transformer turns ratio. In this thesis, two 

winding transformers are used to step up or step down the voltage between SGs and 

consumption level respectively, whereas three winding transformers are used for 

DFIG based wind turbines for three different voltage levels with different ratings. 

For power flow and stability studies, the representation of the transformer as a π 

model is shown in Figure 3.5 and is widely used. The π equivalent circuit with 

parameters expressed in terms of transformer off-nominal turns ratio n
*
 where C = 

1/n
* 

and transformer equivalent leakage reactance Ze where (ye = 1/Ze). The detailed 

description of π model for two and three winding transformers is well documented in 

[89].  

 

Figure 3.5  Two winding transformer π model  [89] 

3.5 Loads 

Load plays an important role in power system stability as the stability of power 

system relies on the continuous balance between the generated and consumed power.  

As the typical power system has a large number of diverse load components, the way 

in which power system loads are modelled can have a significant effect on the power 

system stability results [94]. For power system stability studies, the variations of 

loads active and reactive power with changes in voltage magnitude and frequency 

have to be modelled [95]. In this thesis, the load model is represented using the 

active and reactive load components at each bus by a combination of constant 

impedance (Z), constant current (I), and constant power (P) components, as shown in 

the following formula [96, 97]:   
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  (3.11) 

Where P0, Q0 are the initial values of active and reactive power at an initial value 

of voltage V0, coefficients P1 to P3 and Q1 to Q3 are the fraction of the constant 

power, constant current and constant impedance components in the active and 

reactive power loads respectively.   

3.6 Modelling of DFIG  

Induction machines can work as generators when they are converting mechanical 

input power to electrical output power at speeds greater than their synchronous 

speeds.  DFIGs operate on the same principles as conventional induction machines 

but with the support of additional external power electronic circuits to improve the 

wind turbine operation. The basic structure of a DFIG based wind turbine is shown in 

Figure 2.10.  

The DFIG based wind turbine consists of a wound rotor induction generator and 

back to back converter connecting rotor slip rings to the grid. The wind turbine is 

connected to the induction generator through a mechanical shaft system. A gearbox 

is linking high and low-speed shafts in the shaft system. The induction generator 

stator is directly connected to the grid whereas the rotor is fed through back to back 

(AC-DC-AC) voltage source converter. The crowbar is used, during grid faults, to 

protect the RSC from over current in the rotor circuit.  

The operation of the DFIG wind turbine is regulated by a control system, which 

consists of electrical control and mechanical controls. The electrical control of DFIG 

is achieved by controlling RSC and GSC within the back to back converter of DFIG 

based wind turbine.  The power flow between the rotor circuit and the grid is 
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controlled both in magnitude and in the direction in order to generate electrical 

power over a wide speed range. The mechanical control is achieved by controlling 

the pitch angle of the wind turbine blades. 

3.6.1 Aerodynamic Model 

Wind turbine power production depends on the interaction between the rotor and 

the wind. A simple model, which was developed by Betz (1926), can be used to 

determine the power from an ideal turbine rotor [98]. Pressure and speed variation in 

an ideal model of a wind turbine is shown in Figure 3.6 [99]. S is the area swept by 

the turbine blade with the air cross-section upwind from the rotor designated as S1, 

and downwind as S2. The speed of the wind V passing through the turbine rotor is 

considered uniform with V1 as upwind speed, and V2 as downwind speed at a 

distance from the rotor. Extraction of mechanical energy by the rotor occurs by 

reducing the kinetic energy of the air stream from upwind to downwind, or simply 

applying a braking action on the wind [99]. 

The power as the rate of change in kinetic energy from upstream to downstream 

is given by [99]: 

 

2 2

w 1 2 
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Figure 3.6 Pressure and speed variation in an ideal model of a wind turbine [99].  

Wind kinetic energy is converted to mechanical energy by the wind turbine to 

drive an electrical generator through the turbine shaft system. Mechanical power of a 

wind turbine is the power of an air mass that flows vertically in area A at a speed V 

and is given by the expression:  
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Where Pw is the extracted power from the wind turbine (w), ρ is the air density 

(kg/m
3
), A = πR

2
 is the area swept by the rotor blades (m

2
), R is the wind turbine 

rotor radius (m), and V is the average wind speed passing through the A surface 

(m/s). 

The extracted energy from the wind can be modelled by the aerodynamic model 

which is based on the coefficient of power. The wind energy cannot be completely 

extracted by the wind turbine as the air mass would be stopped completely in the 

intercepting rotor area. The theoretical maximum mechanical power that can be 

extracted from the wind kinetic energy is limited (Betz's limit) to 59.3% [68]. Hence, 

even if power extraction without any losses were possible, only 59% of the wind 

power could be utilized by a wind turbine. Mechanical power that a rotor extracts 

from the wind is given by [68]: 

 
31

  ( , )      ( , )
2

m w p pP P C A v C       (3.14) 

Mechanical torque on aerodynamic rotor shaft can be determined using turbine 

rotational speed t  

 m
m

t

P
T


  (3.15) 

The performance coefficient Cp depends on pitch angle β and tip speed ratio λ which 

is defined as the ratio of rotor tip speed to free wind speed and can be calculated 

from the following expression [78].  

 
 

   t R

v


   (3.16) 
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Where, ωt is the mechanical speed of the turbine, R is the rotor radius, and v is the 

incoming wind speed.  

The power coefficient Cp is a function of the tip speed ratio λ and the pitch angle 

β.The relation between Cp, tip speed ratio λ and blade pitch angle β is shown in 

Figure 3.7 [100].   

 

Figure 3.7  Power coefficient Cp as a function of tip speed ratio λ [100] 

The following equation can be used to approximate the power coefficient curve 

[100], [101]. 

 
2 0.171

( 0.022 5.6)
2

pC e       (3.17) 

Figure 3.8 shows the aerodynamic model of DFIG wind turbine used in this research. 
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Figure 3.8  General structure of DFIG wind turbine aerodynamic model 

3.6.2 Drive Train Model 

The drive train model, which is also known as the shaft model, contains turbine 

rotor, gearbox, low and high-speed shafts, and the induction generator rotor. The 

wind turbine rotor (aerodynamic model) is connected to the generator through a 

gearbox to increase the speed of the shaft rotation. The drive train can be represented 

either by a six-mass drive train model, two-mass model or by a single lumped-mass 

model [101-103]. The lumped-mass model is too simple, as the dynamics of a wind 

turbine and wind generator are lumped together and work as a single rotating mass. 

Stability analysis based on the one-mass shaft model may give significant errors as 

the shaft flexibility is neglected. For large wind turbines, the shaft flexibility is 

noticeable and therefore cannot be neglected [101, 104]. The six-mass model system 

has six inertias, which are the three blades’ inertias, hub inertia, gearbox inertia and 

generator inertia. The six-mass drive train model is very complicated leading to a 

significant increase in simulations time due to complex and lengthy mathematical 

computation with small time-steps [101]. A comparison between the three types of 

drive train models for stability studies has been conducted in [100].  The study shows 

that unequal blade torque sharing has no effect on the transient stability of wind 

turbines. Therefore, the two-mass reduced order drive train models can be used, 

where it is assumed that the turbine torque is equal to the sum of the torques acting 

on the three blades. The effect of inertia constant, spring and damping constants on 

two-mass and six-mass models have been compared in [100]. The study shows that 
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two-mass model has almost the same transient characteristics of the six-mass model 

for transient stability analysis.  

As the two-mass model can provide satisfactory results, it is implemented in this 

thesis. In this model, two masses, which are the large turbine mass (lumped inertia of 

the turbine, part of the gearbox and the low speed shaft) and the generator mass 

(generator rotor mass, high speed shaft along with its disc brake and the rest of the 

gearbox), are connected together by a shaft with certain damping and stiffness 

coefficient values [105]. The two-mass model of DFIG based wind turbine is shown 

in Figure 3.9 [106].  

 

 

Figure 3.9   Two-mass model of DFIG wind turbine model drive train [106] 

The electromechanical dynamic equations are then given by 

 2 ( )t t m t t tg t r tg

d
H T D D T

dt
          (3.18) 

 2 ( )g r tg tg t r g r e

d
H T D D T

dt
          (3.19) 

 ( )tg tg t r

d
T K

dt
     (3.20) 
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In which  

Ht = the inertia constants of the turbine (s) 

Hg = the inertia constants of the generator (s) 

ωt = the turbine rotor speed (rad/s) 

ωr = the generator rotor speed (rad/s) 

Tm = mechanical torque applied to the turbine (p.u.) 

Te = electrical torque of the generator (p.u.) 

Ttg = internal torque of the model (p.u.) 

Dt = the damping coefficients of the turbine (p.u. torgue/(rad/s)) 

Dg = the damping coefficients of the generator (p.u. torgue/(rad/s)) 

Dtg =the damping coefficient of the shaft between the two masses (p.u 

.torgue/(rad/s)) 

Ktg = the shaft stiffness (p.u. torgue/(rad/s)) 

3.6.3 Generator Model 

The generator that used in this study is a wound rotor induction machine. The 

doubly fed induction generator mathematical equations are the same as those of the 

induction generator. The main difference is that the rotor voltage is not zero because 

the rotor windings are not shorted. The induction generator stator and rotor equations 

can be written as follows [107]: 

 sabc
sabc s sabc

d
R i

dt


 v   (3.21)   

 rabc
rabc r rabc

d
R i

dt


 v   (3.22) 
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where ,sabc rabcv v  are respectively the stator and rotor voltages, ,s rR R
 
are stator and 

rotor resistances respectively, ,sabc rabci i  are respectively the stator and rotor currents, 

,sabc rabc   are respectively the stator and rotor flux linkage. 

Applying synchronous reference frame transformation rotating by angular speed 

s  to the above equations, the differential equations of the DFIG induction machine 

in d-q are [106-108]: 

 ds
ds s ds s qs

d
R i

dt


  v   (3.23) 

 
qs

qs s qs s ds

d
R i

dt


  v   (3.24) 

 ( ) dr
dr r dr s r qr

d
R i

dt


     v   (3.25) 

 ( )
qr

qr r qr s r dr

d
R i

dt


     v   (3.26) 

where , ,qs qs qsi v  are respectively the stator voltage, current and flux linkage in the q-

axis, and , ,qr qr qri v  are respectively the rotor voltage, current and flux linkage in the 

q-axis. , ,ds s ds dsi v  are respectively the stator voltage, current and flux linkage in the 

d-axis, and likewise , ,dr dr dri v  are respectively the rotor voltage, current and flux 

linkage in the d-axis. s  and r  are rotational speed of the synchronous reference 

frame and the rotor speed. 

Flux linkage equations in d-q axis: 

 ( )ds ls ds m ds dr s ds m drL i L i i L i L i        (3.27) 
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 ( )qs ls ds m qs qr s qs m qrL i L i i L i L i        (3.28) 

 ( )dr lr dr m ds dr r dr m dsL i L i i L i L i        (3.29) 

 ( ) rqr lr dr m qs qr qr m qsL i L i i L i L i        (3.30) 

where the stator sL and rotor rL inductance are respectively defined by: 

 ,s ls m r lr mL L L and L L L      (3.31) 

In which mL  is the mutual inductance and lsL , lr
L  are the stator and rotor leakage 

inductance respectively.  

The equivalent circuit of the DFIG model is shown in Figure 3.10 

 

Figure 3.10  Equivalent circuit of DFIG 
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The difference between mechanical and electrical torque results in a change of 

generator speed that can be calculated using the generator equation of motion: 

 
1

( )
2

m e

d
T T

dt H


    (3.32) 

)e ds qs qs ds qr dr dr qr m qs dr ds qrT i i i i L (i i i i           (3.33) 

 
where ω is the rotational angular speed of the shaft, H is the inertia constant (s), 

Tm is the mechanical torque, and eT  is the electromagnetic torque developed by the 

induction generator. 

The equations of active and reactive power are: 

 
3

( )
2

s ds ds qs qsP i i v v   (3.34) 
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2

s qs ds ds qsQ i i v v   (3.35) 

 
3
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r dr dr qr qrP i i v v   (3.36) 

 
3

( )
2

r qr dr dr qrQ i i v v   (3.37) 

The total active and reactive powers exchanged by the DFIG with the electrical 

network are the sum of the stator and rotor powers: 

 
3

( )
2

total s r ds ds qs qs dr dr qr qrP P P i i i i     v v v v   (3.38) 
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In the previous equations, the converter efficiency has to be taken into account for 

the active power supplied by the DFIG into an electrical network. The total reactive 

power Qtotal is not necessarily to be the exact amount fed into the grid because 

converters can generate or consume reactive power which thus affects the total 

amount of reactive power fed into the grid.  

More details about the modelling of induction machines can be found in [89, 109, 

110]. 

3.6.4 Power Converters Model 

Power converters play a significant role in DFIG wind turbines as they allow the 

DFIG to operate at variable speeds.  Since the converter can supply the rotor circuit 

with variable frequency current to compensate the difference between the mechanical 

and electrical frequency, the DFIG has the ability to operate over a broad range of 

variable speeds. The performance of DFIG wind turbine during both normal 

operation and fault conditions is governed by the power converter and its controllers. 

The back-to-back power converter has two voltage source converters, which are 

known as RSC and GSC. The rotor side and grid side converters are separated by a 

DC link so that they can be controlled independently of each other as shown in 

Figure 2.10. The power converter of DFIG wind turbines is rated about 30% of 

turbine‘s rated power. Therefore, in comparison with the Type IV wind turbines the 

DFIG converters are smaller in size, cost less and lead to lower losses. In power 

system stability studies, the switching dynamics of the converter is usually neglected 

when modelling power converters [111].  

3.6.5 Rotor Side Converter 

The RSC can be modelled as a current controlled voltage source converter. The 

most common method to control the rotor current is by utilising PWM modulation 

[51, 112]. The control of DFIG stator active power Ps and reactive power Qs is 

achieved by controlling the rotor current irabc in the stator flux oriented reference 

frame [76]. The rotor current irabc are transferred to d-q current component idr and iqr 

in the stator flux oriented reference frame. 
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In the stator flux oriented reference frame, the s (stator flux linkage) is aligned to 

the d-axis. Therefore, the stator flux linkage in d-q will be ( s ds  ) and ( 0qs  ) 

[106].  

Equation (3.28) can be rewritten as: 

 m
qs qr

s

L
i i

L
    (3.40) 

From equations(3.23), (3.24) and (3.27) 

 ( ) ( )
qs s qsm m

ds dr ms dr

s s m s

R iL L
i i i i

L L L


   

v
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s m

R i
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v
  (3.42) 

In this case, equations (3.34) and (3.35) can be rewritten as: 
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By substituting equations (3.29), (3.30), (3.40) and (3.41) into (3.25) and (3.26) 

 ( )r rdr r dr dr s r qr

d
R i L i L i

dt
      v   (3.45) 
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In which 
2

1 m

s r

L

L L
     (3.47) 

Equations (3.43) and (3.44) show that DFIG stator active and reactive power (Ps 

and Qs) can be controlled independently by the d-q axes rotor current iqr and idr 

respectively. The reference values of rotor current iqr and idr can be determined 

directly from Ps and Qs by the outer power control loops. 

By rewriting the equations (3.45) and (3.46) 

 1 2dr dr dr v v v   (3.48) 

 
1 2qr qr qr v v v   (3.49) 

where  
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 v   (3.50) 
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dt
 v   (3.51) 

 2 ( ) rdr s r qrL i   v   (3.52) 
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The rotor current idr and iqr of equations (3.50) and (3.51) in term of 1drv and 1qrv
 
can 

be written as: 

 1
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 1

1r dr
qr qr

r r

R id
i

dt L L 
   v   (3.55) 

Equations (3.54) and (3.55) indicate that idr and iqr respond respectively to 1drv

and 1qrv respectively. Therefore, a proportional-integral (PI) controller can be 

designed as follows: 

 
*

1 ( )( )ir
dr pr dr dr

k
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Substituting equations (3.56) and (3.57) into (3.48) and (3.49) 
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Figure 3.11  Overall vector control scheme of the DFIG-RSC, voltage control strategy (dashed black 

lines). 



Chapter 3: Power System Modelling 

 

83 

 

Figure 3.11 shows the overall vector control scheme of the DFIG-RSC. The 

reference signals i
*

dr and i
*

qr in the outer control loops are generated by controlling 

the stator reactive and active power respectively. Then, the error signals are 

generated by deducting the current signals idr and iqr from reference signals i
*
dr and 

i
*

qr respectively.  The generated error signals are formed into two voltage signals vdr1 

and vqr1 by the inner control loops using two PI controllers. Finally, the output of the 

inner current loops (vdr1 and vqr1) are compensated by the corresponding cross-

coupling terms (vdr2 and vqr2) to form the d–q voltage signals (vdr and vqr) 

respectively. These signals are then connected to pulse width modulation (PWM) to 

create signals for the IGBT gate control [76, 106].  

3.6.6 Grid Side Converter 

The GSC can also be modelled as a current controlled voltage source converter. 

The main objective of GSC is to control the voltage of DC link to maintain it within 

a certain limit. However, it also regulates the reactive power that GSC exchanges 

with the grid to support the grid during a fault [111]. 

Following the same procedure as in RSC, the d-q equations of GSC can be 

obtained by the following feedback loops and PI controller: 

 
*( )( )
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k i i L i
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k
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In which i
*

dg and i
*

qg   are the outer control loops reference signals in d-q axes, idg and 

iqg are measured current signals in d-q axes and ( )
ig

pg

k
k

s
  is the PI controller.  
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Figure 3.12  Overall vector control scheme of the DFIG-GSC. 

The overall vector control scheme of the GSC is shown in Figure 3.12, in which 

the stator current igabc in the synchronously rotating reference frame is used to control 

the DC voltage (vdc) and the reactive power Qg that can be exchanged between the 

grid and the GSC. The grid current igabc are transferred to d-q current component idg 

and iqg by applying the synchronously rotating reference frame. In a similar way to 

the RSC, the GSC has two control loops which are outer control and inner control 

loops [76, 113]. The outer control loops of DFIG-GSC regulates the voltage of the dc 

link and the reactive power that exchanged between the grid and the GSC to generate 

reference signals i
*

dg and i
*

qg of the dq axes current components respectively. These 

signals are compared to measured current signals idg and iqg in the dq-axes to form 

two voltage signals by the inner control loops. These voltage signals are 

compensated by the corresponding cross-coupling voltage in dq axes to form the dq 

voltage signals vdg and vqg respectively. These signals are then connected to pulse 

width modulation (PWM) to create signals for the IGBT gate control to drive the 

GSC.  
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3.6.7 Protection System Model 

Modern DFIG wind turbines are also equipped with a protection device called 

crowbar circuit. Due to the direct connection between the DFIG stator windings and 

the grid, any fault electrically close to the wind turbine can cause the stator current to 

rise. Consequently, this disturbance is transmitted to the rotor circuit resulting in high 

rotor currents and voltages due to electromagnetic coupling between the stator and 

the rotor circuits. Since the capacity of the RSC is relatively small when compared to 

the rated capacity of the generator unit, in this situation, semiconductor switches 

inside power electronic converters could be damaged. Therefore, the power converter 

should be protected from the rotor over currents to prevent potential damage. The 

action performed by the crowbar circuit is to protect the RSC from over current and 

also to protect the DC link from overvoltage in the case of a grid fault [108]. During 

the active crowbar time, the rotor is short-circuited and hence the DFIG operates as 

an induction generator with no control over active and reactive power [50].  

The crowbar system consists of an external resistance connected to the rotor 

windings in the case of grid fault to limit rotor current as shown in Figure 3.13. The 

value of the resistance used in the crowbar is usually ranged between 1 to 10 times 

the rotor resistance [114]. A low crowbar resistance can lead to a higher electrical 

torque, over currents and hence low rotor voltages. However, high values for the 

crowbar resistor will result in a lower electrical torque and rotor currents but higher 

rotor voltages [115].  

 

Figure 3.13  Schematic diagram of the crowbar circuit 

In this work, a crowbar circuit was implemented in the DFIG model to protect 

the converter. The converter is deactivated, and the rotor windings of the DFIG are 
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short-circuited upon the detection of rotor current magnitude above the current 

protection limit. Since the current rating of an IGBT is typically 100% higher than 

the continuous current rating, the instantaneous rotor current should be limited below 

2 p.u., while the converter dc-link voltage is also maintained below the device’s 

voltage rating [116]. Therefore, the DFIG rotor current is set to 1.8 p.u. in this thesis.   
 
 

3.6.8 Pitch Angle Controller  

The mechanical system of DFIG wind turbine is controlled by blade pitching. 

The pitch angle controller is used to reduce the mechanical power extracted from the 

wind and prevents the turbine from overspeeding. Therefore, turbine blade pitch 

control is only activated at high wind speeds or during a grid fault to limit the 

acceleration of the turbine. Figure 3.14 shows the wind turbine blade pitch control, 

where ωr is the rotating speed of the DFIG [117]. The reference pitch angle is 

provided by the speed controller for comparison with the actual pitch angle to 

generate an error signal. The generated signal is passed through a delay time constant 

and limitation for both the pitch angle (0 to 30 degrees) and its rate of change. Since 

the pitch actuation system cannot respond instantly, a rate limiter is added (±10 

degrees /second) to obtain a realistic response. The pitch angle rate of change 

limitation decides how fast the aerodynamic power can be changed [118]. 

 

Figure 3.14  Pitch angle controller. 

If the wind turbine is required to generate its maximum power during low-speed 

wind, the ωr is set at its reference values. Therefore, the blade pitch control is 

deactivated in this situation. However, if the wind turbine is required to generate a 

constant amount of power less than its maximum power rating (an active power 
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curtailment is demanded due to external requests from grid operator or wind plant 

control), the pitch control loop need to be activated [106]. More about the design of 

the pitch angle controller, which is well documented in the literature, can be found in 

[106, 117, 118].  

3.6.9 Operating Range of DFIG   

In general, wind turbines can only operate within a certain range of wind speed 

between two thresholds which are known as the cut-in and cut-out. The wind turbine 

will be halted if the rotor is below cut-in speed or above the cut-out speed. The 

imposed minimum speed limit is to prevent the wind turbine from spinning at speeds 

matching the resonant frequency of the tower and to avoid RSC voltage saturation 

caused by sliding of rotor voltage. The imposed maximum speed limit is to ensure 

the safety of the turbine components during high wind speeds. In modern wind 

turbines, the cut-in wind speed is about 4 m/s, and the cut-out wind speed is about 25 

m/s [119].  

Figure 3.15 shows the DFIG wind turbine characteristics and the maximum 

power tracking curve for various wind speeds. Within the restricted speed limit, there 

is a particular rotor speed at which the maximum power occurs at any given wind 

speed. Therefore, the speed of generator rotor is controlled to extract the maximum 

possible power from the wind. To achieve this, the active power is set to follow the 

curve of maximum power tracking characteristics. This can be done by measuring 

the value of rotor speed and then the corresponding active power set point is chosen 

from rotor speed generator power characteristic. Both the measured rotor speed and 

the corresponding active power set point are used to derive the torque set point. The 

required torque is reached by calculating the current reference signal as there is a 

direct relation between electric torque and rotor current. The current reference signal 

is controlled by the RSC [82, 107]. The curve of optimal power Popt extracted from 

the wind is defined by the following relationship [51].  

 
3

opt optP k    (3.62) 
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where kopt is a parameter obtained from the aerodynamic performance of the wind 

turbine. 

 

Figure 3.15  DFIG wind turbine maximum power tracking curve [82]. 

 The DFIG wind turbine maximum power tracking curve can be further divided 

into several regions depending on the control strategy used and is shown in 

Figure 3.16. The optimal mechanical power that can be extracted for various wind 

speeds is shown in Figure 3.16a while the optimal extracted active power in term of 

the generator rotor speed for different wind speeds is shown in Figure 3.16b [82].  

 

Figure 3.16  DFIG wind turbine maximum power tracking curve, (a) mechanical power that can be 

extracted versus wind speed, (b) active power versus generator rotor speed for various wind speeds 

[82].   
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Figure 3.17 DFIG based wind turbine pitch angle active region [120] 

The wind turbine operates at almost constant minimum rotor speed above its cut-in 

wind speed in the region (A-B).  However, during low to medium wind speeds 

region (B-C), the turbine operates at different rotor speeds to follow the optimal 

power curve for maximum power extracting. As the rated power of the wind turbine 

is not reached in this region, the pitch angle is still deactivated as can be seen in 

Figure 3.17 and the control of the generator speed is provided by the rotor-side 

converter. When the generator reaches the synchronous speed at wind speeds lower 

than the rated wind speed, the generator is maintained around the rated speed as 

shown in Figure 3.16 region (C-D). In this region, the rotor speed may increase 

above the synchronous speed for not more than 15–20% above the synchronous 

speed due to power converter limitations [121]. Once again, as the rated power of the 

wind turbine is not reached in this region, the pitch angle is still deactivated, and the 

control of the generator speed is provided by the RSC. However, when the wind 

speed increases beyond the rating value as shown in Figure 3.16 region (D-E), the 

pitch angle control is activated to reduce the aerodynamic torque and keep it at a 

constant value. As the RSC is no longer able to maintain the torque under control in 

this region, the pitch angle control will be in service until the cut-out speed is 

reached [82].   

As stated above, for low wind speed region, the pitch controller is deactivated 

where the angle is saturated at 0 degrees and an optimum power-speed curve is 

followed. In this thesis, the optimal active power is based on predefined power and 
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rotor speed lookup table. This table provides the optimal power that can be extracted 

from wind for a certain wind speed.  This optimum power will be passed to the outer 

power control loop in the RSC as a power command.  

In general, DFIG has three different operation modes which can be categorised 

according to the rotor speed when compared to the synchronous speed and the 

direction of the power flow passing the power converter. The three operations modes 

are known as super-synchronous, synchronous, and sub-synchronous operations as 

shown in Figure 3.18 [82].  

During low wind speeds, the rotor speed of DFIG is lower than the synchronous 

speed (sub-synchronous operation mode) and the rotor absorbs power from the grid 

through the power converter. The slip in the sub-synchronous operation mode is 

positive. However, during high wind speeds, the rotor speed of DFIG is greater than 

the synchronous speed (super-synchronous operation mode), and rotor supplies 

power to the grid through the power converter. For the super-synchronous operation 

mode, the slip becomes negative. When the rotor of DFIG is rotating at the 

synchronous speed, there is no power flowing through the power converter. When 

the generator operates at the synchronous speed, the generator slip is almost zero. 

The slip is defined as [120]: 

 s r

s

S
 




   (3.63) 

where ωs and ωr are the synchronous speed and generator rotor speed in rpm, 

respectively.  

Assuming that all stator and rotor circuit losses are neglected, the power flow 

through the power converter can be expressed as a function of stator power and slip 

as follows:  

 rotor statorP S P    (3.64) 
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The delivered stator power can be expressed as a function of the grid power as 

follows: 

 
1

grid

stator

P
P

S



  (3.65) 

 

 

Figure 3.18  DFIG operation modes [82] 

3.6.10 Aggregation of DFIG Wind Turbines 

A wind farm may consist of a large number of individual DFIG wind turbines. 

Representing each DFIG wind turbine of the wind farm with a detailed model in the 

simulation tool increases system complexity and simulation time. This is due to the 

excessive number of equations to be computed. The simulation time and the 

complexity of the wind farms can be reduced using an equivalent model instead of 

presenting a detailed model of each wind turbine.  In order to represent DFIG wind 

farm without the complexity of representing the complete wind farm model, reduced 
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equivalent model of wind turbines have been used [122-124]. An aggregation 

method can be applied to reduce a large number of wind turbines and to make the 

system simpler.  

Depending on the incoming wind speed and the size of the wind farm, the entire 

wind farm can be aggregated to one or several groups of equivalent wind turbines. 

The simplest and most used aggregation method is based on presenting the whole 

wind farm as a single large wind turbine [124]. This method considers all the wind 

turbines of the wind farm facing the same incoming wind speed and all wind turbines 

within the wind farm are of the same type. Therefore, the output power and rating of 

the equivalent unit is a sum of the individual wind turbines as follows [124-126]:  

 
1
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    (3.66) 
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where  Sagg aggregated rated power, Si rated power of individual wind turbine, n 

number of wind turbines, Pagg  aggregated active power, Pi active power of individual 

wind turbine.  

The equivalent generator mechanical torque is n times the torque of an individual 

wind turbine when the values are in p.u. 
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In the case of similar n DFIG rated capacity    
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The equivalent wind turbine includes the same model as an individual wind 

turbine for the generation system (induction generator and frequency converter), the 

control scheme and the controllers (rotor speed, reactive power, and pitch angle 

controller) and the protection system. 
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The capacitance of the DC            
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PI controllers 
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The transformer connecting the equivalent turbine to the grid is also scaled 

appropriately to allow power transfer of the aggregate generator.  
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This aggregation method assumed that all wind turbines within the wind farm are 

receiving the same wind speed and thus operating at the same operating point to 

produce the same power. However, in practice, the powers produced by wind 

turbines are different depending on wind speed variation and their location inside the 

wind farm due to the weak effect. Therefore, a multi-machine equivalent method can 

be used when the turbines within the wind farm are facing different wind speeds 

[127]. The multi-machine equivalent method will be used later in Chapter 6.  

In this thesis, two different aggregation methods (single equivalent and multi-

machine equivalent) are used depending on the size of the represented wind farm. 

For small DFIG based wind farms, the whole wind farm is represented as a single 

equivalent wind farm using the above aggregation method. For large-scale wind 

farms, both the single and multi-machine equivalent methods are used. Different 

wind speeds are taken into account when representing the entire wind farm by the 

multi-machine equivalent methods.  

3.7 Summary  

This chapter illustrates the modelling of the various components of a power 

system with the help of mathematical equations and diagrams. The well documented 

conventional SGs, excitation system, and PSS are briefly mentioned in this chapter. 

Moreover, the important components of the power system such as AC transmission 

lines, transformers and loads are also briefly introduced in this chapter. Furthermore, 

the general structure of the DFIG base wind turbine has been briefly discussed 

together with their control systems. The process of how the wind energy is extracted 

and converted to mechanical energy by the wind turbine using the aerodynamic 

model is included. It has been discussed that representing the mechanical system of 

DFIG based wind turbines by two-mass shaft system is appropriate to be 

implemented in the thesis for investigating power system stability with high 

penetration of DFIG wind power. The differential equations of the DFIG induction 

machine in d-q with an illustrated diagram are mentioned in this chapter. The control 

methods of DFIG rotor and grid side converter using the common control schemes 
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for the commercial DFIG, which are based on standard decoupled d-q vector control 

mechanism, are mentioned in this chapter. In practice, the DFIG wind turbines are 

equipped with protection system known as crowbar system which is used in this 

thesis. A conventional pitch controller is discussed, as well as the operating range of 

DFIG and maximum power tracking curve. 
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                        Chapter 4

Wind Power and Power System Stability 

4.1 Introduction 

Among the renewable energy technologies that are being developed, wind power 

is one of the most important sources of alternative power generation. With the 

continuous increase of wind power integration into power systems, the overall power 

system performance can be influenced, and thus power system stability becomes a 

very important subject. Therefore, investigation into the effects of wind power 

integration on existing conventional power plants and power system stability is 

becoming an increasingly important issue in order to identify potential impacts and 

to develop measures to lessen those impacts.  

As power systems are highly nonlinear and involve complicated electromagnetic 

and electromechanical phenomena, Power system stability can be practically divided 

into three main categories for the purpose of clarification. The three distinct 

classifications of stability are rotor angle stability, frequency stability, and voltage 

stability. The impacts of wind power on the three main stability classifications are 

argued within this chapter to gain a greater understanding of how wind power 

especially DFIG wind turbines, which are gradually replacing conventional SGs in 

existing power systems, can affect power system stability. This will be followed by 

three case studies conducted on realistic power systems to show the impacts of 
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replacing SGs by equivalent DFIG based wind farms on rotor angle stability of these 

power systems. The first case is a base case without wind power, in which all 

generators are considered to be conventional SGs. The results of the base case are 

compared later with cases where wind power is included. In the second case SGs are 

replaced by equivalent wind farms equipped with DFIG. The wind farms ratings are 

the same as the SGs rating, and they produce the same amount of active and reactive 

power that was generated by the replaced SGs. The last case is conducted to show 

the effect of reactive power generated by DFIG on the rotor angle stability of power 

system. 

4.2 Power System Stability 

Electrical power systems are the largest and most complicated man-made 

dynamic systems ever created.  They are highly nonlinear and involve complicated 

electromagnetic and electromechanical phenomena. The size and complexity of 

power systems made the power system stability phenomenon an extremely important 

and challenging issue. In modern power systems, more new technologies are being 

connected to electrical power systems due to a variety of factors such as the need for 

greenhouse gases reduction, fossil fuel price rise, and the increased sustainability 

demand.  Among these new technologies, wind power is one of the fastest growing 

technologies worldwide. With the large penetration of wind power into power 

systems, power system stability became a vital concern. Therefore, understanding the 

impacts of wind power penetration on conventional power plants and power system 

stability are becoming increasingly important issues.  

According to [32] power system stability is defined as “Power system stability is 

the ability of an electric power system, for a given initial operating condition, to 

regain a state of operating equilibrium after being subjected to a physical 

disturbance, with most system variables bounded so that practically the entire system 

remains intact”.  

Power system instability can be presented in several different ways depending on 

the operation conditions and configuration of the power system. As electrical power 
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systems are highly nonlinear systems, they tend to operate continuously under small 

disturbances such as changes in the loads or generators. Under these small 

disturbances, power systems must have the capability to respond to these changes 

without any adverse effect and adapt to new situations. Moreover, since most of 

power systems are large in size (cover a large geographical area), they are likely to 

expose to large disturbances, such as short circuits, due to the sudden loss of their 

main components. In these conditions, protection system has to act to isolate the 

faulty component from the network leading to change in power system structure. 

Depending on the strength of the system, it might lose its stability for a particular 

large disturbance and remain stable for another. However, the power system is 

expected to remain stable by reaching a new operating condition or returns to the 

original operating condition [128]. 

4.3 Classification of Power System Stability  

Stability of power system is a complex problem depending on several factors. 

Power system stability can be practically divided into groups categorised by their 

time frame, the size of the disturbance, consequence, physical character. 

Accordingly, concerning the time frame, stability can be classified to short term and 

long term stability. For the size of the disturbance, stability can be divided into mall 

disturbance and large disturbance stability; where the first one can be examined by 

linearization of the system dynamic equations while the second involves the use of 

nonlinear simulation [129].  

Power systems instability can occur in different ways depending on the network 

configuration and the power system operation condition. As most of the used 

generators are SGs, the stability of any power system is largely influenced by the 

dynamics of generator rotor angles and power angle relationships. Moreover, power 

system instability may occur as a result of voltage collapse due to the lack of reactive 

power or an appropriate voltage control. Voltage collapse can also occur in large 

load areas with induction motor loads as they consume a large amount of reactive 
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power. Additionally, power systems instability can occur in the form of frequency 

due to the lack of balance between load and generation.  

In general, power system stability problems can be classified into three main 

categories for the purpose of clarification. The three distinct classifications of 

stability are rotor angle stability, frequency stability, and voltage stability. These 

types are further broken down into small disturbance or a large disturbance, and the 

short term or long term as shown in Figure 4.1 [32].  

 

Figure 4.1  Classification of power system stability  [32]  

4.3.1 Rotor Angle Stability 

It is the ability of SGs in the interconnected power system to remain 

synchronised after being subjected to a disturbance. In normal conditions, all 

interconnected SGs are synchronised with each other and hence rotating at the same 

speed. In this case, there is a balance between the input mechanical and output 

electromagnetic torques of each SG in the interconnected system. However, in the 

event of a disturbance, rotors of synchronous machines may accelerate or decelerate 

leading to angular position difference between rotors, which can influence the output 

of SGs. In this case, the system can sustain rotor angle stability if the difference in 
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angular position decreases until the synchronous speed is reached again. However, 

rotor angle stability can be lost if the difference in angular position increases 

continually. In this case, the generator will lose synchronism with the rest of 

generators leading to large fluctuations in the generator output power, current, and 

voltage. Loss of synchronism can also take place between groups of machines, with 

synchronism maintained inside each group after separating from each other. 

Therefore, the power system stability for any particular condition is determined by 

whether or not the deviations in angular positions of the rotors result in sufficient 

restoring torques [89].  

For a better understanding of rotor angle stability, it is useful to characterise as 

following: small signal stability or (small disturbance rotor angle stability) and 

transient stability or (large disturbance rotor angle stability). Both small signal 

stability and transient stability are categorised as short-term phenomena. 

4.3.1.1 Small signal stability 

It is the ability of the power system to remain synchronised after being subjected 

to a small disturbance. The equations of the power system in small signal stability 

can be linearized for purposes of analysis as disturbances are considered small, for 

instance, small changes in load, which are frequently encountered in normal 

operation conditions.  Small signal stability depends on some factors including the 

initial operating state of the system, system strength, and type of generator excitation 

controls used.  

Instability can occur due to the lack of synchronising torque (increase in rotor 

angle through a non-oscillatory mode) or the lack of damping torque (increase in the 

amplitude of rotor oscillations). Small signal stability in today’s practical power 

systems is usually associated with the increase oscillations amplitude as a lack of 

damping torque [32]. 

The time of interest for small signal stability is between 10 and 20 seconds after 

the disturbance. 
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4.3.1.2 Transient stability 

It is the ability of the power system to remain synchronised after being subjected 

to a severe disturbance, for example, a short circuit on a transmission line. Transient 

stability depends on both severity of the disturbance and the initial operating state of 

the system. Steady state operation condition after severe disturbance is usually 

different from pre-disturbance operation condition as a result of system alteration 

[32].    

Transient instability can occur in the form of a periodic angular separation due to 

insufficient synchronising torque, which known as first swing instability. However, 

transient instability can occur as a result of rotor angle oscillations in the form of 

inter-area and local oscillations. These oscillations can cause a large excursion of 

rotor angle beyond the first swing [89].  

The time domain for transient angle stability studies is normally under 5 second 

and can be extended to 10-20 second for large power systems. 

4.3.2 Voltage stability 

It is the ability of the power system to maintain the voltage levels at all nodes of 

the system at acceptable limit under normal operating conditions, and after being 

subjected to a disturbance. Voltage instability may occur as a result of progressive 

and uncontrollable fall or rise in voltage of some the system nodes. In general, 

voltage instability is a local phenomenon. However, widespread impact such as 

cascading outages and voltage collapse of the entire power system can occur as a 

result of voltage instability [32, 89].  

Severe voltage drop can also be associated with rotor angle instability as rotor 

angles going out of step.  When the rotor angles of two synchronous machines 

groups approach or exceed 180° as a result of the gradual loss of synchronism, 

voltages at middle points in the network close to the electrical centre will experience 

rapid drop. In this case, the rapid oscillation between high and low values of voltages 
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near the electrical centre will occur as a result of repeated rotor angle separation 

between the two groups [130].  

In a similar way to rotor angle stability, voltage stability can be classified into 

following categories: 

 Large disturbance voltage stability in which the system has to maintain 

steady voltages following severe disturbances such as power system 

fault, loss of large generator or circuit contingencies. Voltage stability 

may be either a short-term or a long-term phenomenon. Thus, the time 

frame of this kind of study can vary from few seconds to minutes to 

capture the performance of power system equipment’s [89]. 

 Small disturbance voltage stability in which the system has to maintain 

steady voltages following small disturbances such as changes in system 

load. To investigate small disturbance voltage stability, the system 

equations can be linearized with appropriate assumptions computation. 

However, nonlinear effects such as tap changer controls, dead-bands, and 

time delays are not taken into account with linearized method [131].  The 

time frame of this kind of study is the same as the large disturbance 

voltage stability time frame. 

4.3.3 Frequency stability  

It is the ability of the power system to maintain the frequency within its limit 

after the system being subjected to disturbance resulting in a significant mismatch 

between generation and load. Frequency stability depends on the ability of power 

systems to maintain or restore equilibrium between system generation and load [32].  

Severe system disturbances generally result in a considerable fluctuation in 

frequency, power flows, voltage, and other system variables. In general, frequency 

stability problems are associated with inadequate responses from system 

components, poor coordination of control and protection equipment, or inadequate 

generation reserve. The time frame of frequency stability studies is varying from a 
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fraction of seconds to several minutes. The small time corresponding to the response 

of under frequency load shedding relays, generator controls, and protections devices 

response time. Whereas the large time is corresponding to the response of prime 

mover energy supply systems and load voltage regulators [89, 130]. 

4.4 Wind Power and Power System Stability 

In ordinary power systems, large synchronous machines are extensively used to 

produce the required power. These machines are well known, reliable and have 

complex control systems that allow the system to maintain high levels of stability.  

As the dynamic behaviour of any power system is largely determined by the dynamic 

behaviour of its interconnected generators, the integration of wind power turbines 

into these systems can affect the dynamic behaviour of power systems.   

With the rapid increase in penetration of wind power in power systems, wind 

turbines are being installed as a group in larger farms. The production capabilities of 

these large wind farms are approaching those of conventional power plants. As a 

result, wind turbines gradually start to replace the output of these conventional power 

plants and thus many aspects of the power system operation, control, and stability 

might be affected [132].  The impact of wind power on power system stability can be 

ignored if the penetration of wind power is very low. However, with high levels of 

wind power penetration, wind farms may replace large conventional SGs, the 

dynamic performance of the power system might be affected [21].  

As wind power becomes a more common source of generation in power systems, 

the increasing of wind power penetration seems to continue, and its impact on power 

system stability will be significant. These impacts have to be mitigated as wind 

power turbines should be able to contribute to network support and operation in order 

to keep the entire power system in stable condition [31]. 

The impact of increased wind penetration on the three types of power system 

stability (rotor angle stability, voltage stability, and frequency stability) will be 

considered separately and discussed.  
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4.4.1 Impact of Wind Power on Rotor Angle Stability 

The ability of power systems to return the balance between electromagnetic and 

mechanical torques is determined by the rotor angle stability of each SG.  However, 

with the increase of wind power penetration into power systems, systems experience 

a change in their dynamic characteristics as the technology of wind turbines are 

different from synchronous machines. 

4.4.1.1 Impact on Small Signal Stability 

Small signal stability problem normally takes place due to inadequate damping 

torque, and as a consequence, the amplitude of rotor oscillations will increase [89]. 

The dynamic response of wind power generators is different from the dynamic 

response of large SGs. Therefore, following the increasing of wind power 

penetrations levels in power systems, the impact of wind power on system 

oscillations will increase as well. The effect of wind power on power system small 

signal stability depends largely on the technology installed on wind turbine [133]. 

Since the productions of wind farms are approaching the productions of larger 

conventional SGs, wind farms should make a contribution to the stabilisation of 

power systems. Therefore, the capability of wind farms should be examined 

carefully.  

In recent years, the influence of wind power on power system oscillation has 

been addressed in the literature. [134] concluded that wind turbines do not participate 

in electromechanical oscillations as wind power generators are not synchronously 

coupled to the power systems. However, the effect of the wind power generators on 

small signal stability depends on the kind of wind generator and their controllers. In 

[132, 134, 135] the impact of wind turbines on power system oscillations are 

presented. They find that fixed speed wind generators do not have a significant effect 

on inter-area oscillations damping; however, they can improve the damping of inter-

area oscillations slightly. Moreover, fixed speed wind turbines can improve the 

damping of inter-area oscillations better than DFIG wind turbines whereas DFIG 

wind turbines are slightly better than full-scale power converter wind turbines for 

inter-area oscillation damping. 
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A small two area power system used in [136] to study a number of operating 

scenarios for DFIG based wind turbine and find that the DFIG base wind turbines 

tend to improve the damping of power system oscillations for most of the scenarios. 

However, an adverse impact is found for certain scenarios. A study is carried out in 

[137] to analyse the impact of DFIG wind turbines on power system oscillations in 

the large five-area system. The study concluded that the effect on a particular 

oscillatory mode highly depends on the replaced SGs. A significant impact could 

occur when replacing SGs that are used to stabilise certain modes.  

In contrast, as variable speed wind turbines can control active and reactive power 

independently, they have the capability to contribute to power oscillation damping 

and hence improve small signal stability. To improve the oscillations damping of 

power systems with high penetration of DFIG based wind farms, an auxiliary 

damping control loop for DFIG is used. Eigenvalue analysis and time domain 

simulation were used in [31] to study the capability of DFIG to damp power 

oscillations. The results indicate that damping of network oscillation can be 

significantly enhanced by a proper designed DFIG-PSS. The proposed PSS can work 

over the full operational slip without degradation the system voltage. In the above 

study, the adopted PSS is similar to the PSS of the SGs, and it was attached to the 

active power control loop of the DFIG-RSC. In  [138], a two area system with a large 

wind farm is analysed by a time domain simulator. An axillary damping control loop 

is added to the DFIG-RSC to improve the damping of inter-area oscillations in high 

wind power penetration. The paper concluded that the active power modulation of 

DFIG based wind farm is an efficient method for damping oscillations in power 

systems. Moreover, [139] stated that DFIG is able to improve power oscillations 

better than other types of wind generators even in weak systems. 

4.4.1.2 Impact on Transient Stability 

In asynchronous generators, the electrical torque falls below the level of 

mechanical torque in the event of a disturbance, which will cause the rotor to 

accelerate and increases the angular position of the rotor flux vector. The natural 

characteristics of synchronous machines drive the electrical torque back toward the 
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level that matches the mechanical torque, which is known as synchronising torque. 

However, in severe disturbance such as during a nearby fault, the SG speed will 

increase rapidly due to loss of synchronism [140]. In the case of the wind power 

generators, the electrical torque also falls below the level of mechanical torque in the 

event of a disturbance, which gives rise to variations in the speed and the position of 

the rotor. However, synchronising torque does not exist due to the asynchronous 

operation [141].  

In the past, the wind turbines generators are usually allowed to be disconnected 

from the grid in the event of large disturbance to be protected from high transient 

current, rotor over-speed, mechanical stresses, and voltage dips. The ability of wind 

turbines to withstand network disturbance are very limited in comparison to 

conventional SGs. With the massive integration of wind power generators in the grid, 

they are required to ride through grid disturbances and support the grid voltage 

during and immediately after the grid disturbances [142].    

The impact of wind power on power system transient stability has been 

addressed by several researchers. The authors of [42] studied the effects of wind 

power on power system stability, and they find that higher installation of wind power 

can affect the transient stability of power systems. This is due to the fact that 

transient stability of any power system mainly depends on the installed generators 

technologies. As the dynamic characteristics of wind turbines are different from that 

of the SGs, high penetration levels of wind power will bring new challenges to power 

systems transient stability. Reference [143] compared the effect of fixed speed wind 

turbines and DFIG wind turbines on power system transient stability. The results 

indicate that although fixed speed wind turbines contribute positively to system 

oscillation damping, their contribution to the transient stability is very weak due to 

voltage stability issues. However, DFIG based wind turbines can enhance the 

transient stability in term of voltage recovery after a disturbance.  

The impact of wind generators on transient stability depends on the location of 

the disturbance. During fault period, voltage sags at DFIG terminal lead to a high 
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current in RSC. Since the converter rating is only (25- 30) % of the generator rating, 

the high current can damage the converter. For this reason, the converter systems 

have to be disconnected; the rotor windings are short-circuited by crowbar protection 

system and hence the generator could trip out. In this case, the DFIG will act as a 

fixed speed induction generator and hence the real and reactive power cannot be 

controlled [144]. However, [145] argued that by using dynamic reactive power 

compensation, a continuous operation of DFIG can be achieved during a fault 

condition. Moreover, by using a fast control system, DFIG can effectively ride 

through a grid fault and thus has no problem with transient stability. The same author 

claims that DFIG could be superior over SGs to improve transient stability during 

severe disturbances. However, further research reveals that transient stability of 

power systems could be either reduced or enhanced when some SGs are replaced by 

DFIG wind turbines [146].  

In [46], the effect of reactive power supplied by wind generation on power 

system transient stability is examined. The study concluded that transient stability 

could be improved and the oscillations damping quickly if the terminal voltage of the 

wind generation controlled to achieve 1.0 p.u. Furthermore, the SG rotor angle is 

directly influenced by reactive power control strategy used by the wind generation.  

4.4.2 Impact of Wind Power on Voltage Stability 

Generally, induction generators are absorbing reactive power from the grid, and 

they will absorb more reactive power when the voltage drops. Reactive power 

consumption will increase as the rotor continues to accelerate if the voltage continues 

to drop below the nominal level, and hence, the generator can become unstable.  

Several studies have been conducted to study the impact of wind power on 

voltage stability of power systems. The authors of [145] studied the impact of a wind 

farm on steady state and transient voltage stability. They found that connecting fixed 

speed wind turbines to the grid deteriorates both kinds of voltage stability. However, 

the study concluded that DFIG wind turbines have better voltage recovery than the 

fixed speed wind turbines since the former can regulate reactive power independently 



Chapter 4: Wind Power and Power System Stability 

 

108 

 

from the generated active power [147]. In addition, a comparison between the two 

variable speed wind turbines has been made by [148]. The results show that full-

scale power converter wind turbines can improve voltage stability better than DFIG 

wind turbines, as this kind of turbines have the capability to supply a large amount of 

reactive power. The studies carried out by [145] and [147] show that the effect of a 

wind turbine on small disturbance voltage stability is insignificant when the 

generated active power is low from wind farms. However, injecting more wind 

power could lead to a voltage collapse in the event of a small disturbance. 

A wind farm sizing method for a weak power system is proposed by [149]; the 

authors found that large wind power penetration has an adverse impact on power 

system voltage stability. However, placing a voltage support device at the weakest 

system bus can resolve this problem. Reference [150] concluded that voltage stability 

margin could be improved by choosing an appropriate location and size for the 

renewable generation.  

 The author of [148] reviewed the fault ride through strategies for different wind 

turbine systems. The author concluded that the main task of fault ride through 

strategies for fixed speed wind turbines was to prevent rotor over speeding 

phenomena. On the contrary, DFIG wind turbines and full-scale power converter 

wind turbines have better fault ride-through capability, and also, they can control 

reactive power to support grid voltage for a quick voltage recovery. In addition, the 

impact of wind power on voltage stability is also influenced by the voltage level that 

wind turbines are connected to. Connecting wind turbines to distribution and sub-

transmission systems have a negative effect on voltage stability more than connected 

them to transmission systems. This is due to the fact that reactive power support is 

typecally limited in low and medium voltage levels [151].  

4.4.3 Impact of Wind Power on Frequency Stability 

The increase of wind power penetration in electricity grid reduces the power 

system inertia, which directly affects frequency change rate following disturbances.  

Replacing conventional SGs by a fixed speed wind turbines has a small impact on 
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the system frequency after losing generation or load in the power system. Fixed 

speed wind turbines provide an inertia response to system frequency changes as the 

rotational speed and system frequency are coupled. The inertia response of this type 

of wind turbines is smaller and also slower than SGs because of their slip (1-2) %. 

However, replacing conventional SGs by a DFIG wind turbines lead to a significant 

change in system frequency for the reason that DFIG wind turbines provide 

negligible inertial response  [152, 153].  

DFIG wind turbine could be sensitive to system frequency by adopting 

frequency control methods to release the kinetic energy stored in the rotating masses. 

In the same way, according to [154], DFIG wind turbines could response to 

frequency variation and provide a frequency regulation. However, providing 

frequency response capability from wind farms would increase the balancing costs as 

the output only a proportion of the available wind power. The alternative to spilling 

wind to provide frequency response capability is using wind farm level energy 

storage [155].  

4.5 Analysis of the Impact of DFIG Wind Turbines on Power 

System Small Signal Stability 

The small signal stability problem usually occurs as a result of inadequate 

damping of one of the system rotor oscillations. The small signal stability analysis 

can detect system modes, which are produced by electromechanical interactions 

between power system SGs. Since DFIG wind turbines are not synchronously 

coupled to the power systems, wind turbines do not participate in electromechanical 

oscillations. The methodology of small signal stability analysis is described in the 

following steps: 

 Run small signal stability analysis in the frequency range of 0.1 to 2 Hz.    

 Identify main modes that have low damping factor (less than 10%). 

 Determine the dominant machines with their main state variables and 

their participation factor in the main mode.  
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 Analyse the mode shape corresponding to the rotor speed state variable to 

identify generators oscillating against each other. 

 Repeat the previous steps for different scenarios.   

  To investigate the effect of grid connected DFIG base wind turbines on the 

small signal stability of power system, SGs are replaced by equivalent wind farms 

equipped with DFIG. The wind farms rating are the same as SGs rating, and they 

produce the same amount of active and reactive power that are generated by the 

replaced SGs. The topology operation condition of the test system with wind farm 

has to be the same with one without wind farm.  

4.5.1 Small Signal Stability Analysis of the IEEE 9-bus System with 

Integration of DFIG Wind Turbines 

The IEEE 9-bus test system is used to study the impact of DFIG wind turbine on 

power system small signal stability as shown in Figure 4.2. The system consists of 

three SGs with three fixed-tap step-up transformers, six transmission lines and three 

loads totalling 315 MW and 115 MVAr. The three SGs are equipped with an IEEE 

type 1 exciter.  However, the three generators were not equipped with PSS for more 

straightforward assessment. The synchronous machines G1 and G2 are equipped 

with turbine governor type TGOV1. The static and dynamic data of the test system 

can be found in [156]. The three loads were modelled as nonlinear ZIP loads (33% 

constant impedance Z, 33% constant current I, and 33% constant power P) [97]. 
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Figure 4.2  Single line diagram of the IEEE 9-bus test system with DFIG based wind farm.  

To investigate the effect of DFIG based wind farm on the power system small 

signal stability, a DFIG wind farm is connected to the test system. Both the test 

system and wind farm are modelled in details as described in Chapter 3 by using 

NEPLAN software [157]. NEPLAN is a power system simulation package with a 

user-friendly graphical interface that allows the user to perform study cases very 

efficiently. It allows wind turbines and their control schemes to be modelled in detail. 

NEPLAN dynamic simulator offers also excellent functionalities to develop user-

defined models. In this thesis, both small signal stability and transient stability are 

examined using the NEPLAN software.   

A wind farm may consist of a large number, between (10 -100s), of individual 

DFIG wind turbines. Representing each wind turbine of the wind farm in the 

simulation tool increases system complexity and simulation time. Therefore, the 

aggregation method described in Chapter 3 is applied to reduce a large number of 

wind turbines and to make the system simpler. The DFIG wind turbine that 

represents the single machine equivalent DFIG based wind farm is shown in 

Figure 4.2. The 85 MW wind farm was aggregated from 17 turbines of 5 MW each 

to achieve an equivalent generated power to replace SG G3. Hence, the generated 
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power from DFIG wind farm is accounted for 27% of the consumed total power of 

the test system.  

The analysis is carried out for three different cases: 

 Case 1: SG case, this is a base case scenario in which all generators are 

considered to be conventional SGs with G3 operate at a fixed unity 

power factor. 

 Case 2: G3 is replaced by DFIG based wind farm operating at fixed unity 

power factor (no reactive power injected into the system from DFIG). 

 Case 3: G3 is replaced by DFIG based wind farm controlled its terminal 

voltage at 1 p.u. (the reactive power is controlled to achieve a specified 

voltage value at terminal bus).  

4.5.1.1 Results and Discussion 

A detailed small signal stability study on the test system was conducted on the 

rotor angle of the three SGs for the three cases. The rotor angle oscillations in the 

frequency range of 0.1 to 2 Hz are monitored. The dominant eigenvalue and their 

frequency, damping factor, main machine and the participation factor for each main 

state variables for each case are shown in Table 4.1. The results indicate that the 

system is stable in the three cases, and there is a critical mode with less than 10% 

damping factor for each case.  

Table 4.1  Main electromechanical modes of Case 1 (SG case), Case 2 (G3 is replaced by DFIG based 

wind farm operating at fixed unity power factor), Case 3 (G3 is replaced by DFIG based wind farm 

controlled its terminal voltage at 1 p.u.).  

Cases Case 1 Case 2 Case 3 

Eigenvalue λ = σ + jω (p.u.) -0.265 ±j7.615 -0.297±j7.778 -0.306 ± 7.734 

Frequency f (Hz) 1.212 1.238 1.231 

Damping Factor ζ (%) 3.5 3.8 3.9 

Dominant Variable ρ, ω ρ, ω ρ, ω 

Dominant Machine G2 G2 G2 
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Participation Factor (%) 35.8, 37.5 40.3, 42.1 40.2, 42.3 

 

As can be seen in Table 4.1, the main modes of each of the three cases are 

dominated by rotor angle ρ and speed ω of generator G2. The frequency of each 

mode is relatively unchanged in the three cases. However, the rotor angle oscillation 

of case 2 is slightly more stable than case 1 as the damping factor of the main mode 

is improved from 3.5% to 3.8% when the SG is replaced by an equivalent wind farm. 

This improvement is further enhanced when the voltage at the connection point is 

regulated by the wind farm.  

Although G2 is dominating the main oscillatory modes for each case, its 

contribution to the oscillatory modes after the SG is replaced by the wind farm is 

higher. The participation factor of G2 increased from 35.8% in the first case to more 

than 40% when the G3 is replaced by equivalent DFIG based wind farm.   

For more detailed analysis, mode shape that is corresponding to the rotor speed 

state variable for the three cases is examined. In the first scenario, the results indicate 

that the three SGs of the test system are participating in the mode, where G1 is 

oscillating against the other two (G2 and G3). However, when G3 is replaced by 

DFIG based wind farm, the wind farm does not contribute to the main mode. The 

dominant mode after the synchronous machine is replaced by the wind farm gets the 

contribution from G1 and G2, which are oscillating against each other. 

The results of small signal stability analysis of the IEEE 9-bus system with 

integration of DFIG based wind turbines show that replacing the SG with a DFIG 

based wind farm has no negative impacts on the small signal stability of power 

systems. The results indicate that DFIG based wind turbines do not participate in 

electromechanical oscillations, and hence, power system small signal stability is 

likely to be improved by DFIG based wind turbines installation. DFIG base wind 

turbines tend to improve the damping of power system oscillations for the examined 

cases.  
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4.5.2 Small Signal Stability Analysis of the IEEE 39-bus System 

with Integration of DFIG Wind Turbines 

The widely used New England 10-machine 39-bus system has been chosen as 

the test system to be used to study the impact of DFIG based wind turbines on power 

system small signal stability as shown in Figure 4.3 [158]. The system consists of 10 

synchronous machines in which G1 is an equivalent external generator, 12 

transformers, 46 transmission lines and 19 loads modelled as nonlinear ZIP loads 

(33% constant impedance Z, 33% constant current I and 33% constant power P) [97]. 

Every synchronous machine is equipped with (TGOV1) turbine governor and 

(IEEEX1) exciter. However, only SGs G5, G7, G9 are equipped with (STAB1) PSS.  

To investigate the impact of DFIG based wind turbines on power system small 

signal stability, two large-scale DFIG wind farms were installed in the test system to 

replace two large synchronous machines G7 and G9 equipped with PSS. The 

generated power from the two wind farms accounts for 22.6% of the total consumed 

power of the test system. 
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Figure 4.3  Single line diagram of the IEEE 39-bus test system with two DFIG based wind farms. 

The analysis is carried out for three different cases: 

 Case 1: SG case, this is a base case scenario in which all generators are 

considered to be conventional SGs without any PSS. 

 Case 2: SG case with PSS, SGs G5, G7, G9 are equipped with (STAB1) 

PSS. 

 Case 3: SGs G7 and G9, which are equipped with PSS, are replaced by 

DFIG wind farms which control their terminal voltage at 1 p.u. (the 

reactive power is controlled to achieve a specified voltage value at the 

terminal bus). 

4.5.2.1 Results and Discussion 

A detailed small signal stability study on the test system was conducted for the 

three cases. The main eigenvalues with damping factors of less than 10% for each 
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case presented in Table 4.2. It is clear that the test system without any PSS is 

unstable as there are two oscillatory modes have positive real parts with negative 

damping factors.  Negative damping factors indicate that there are two growing 

oscillatory modes, which lead to system instability. The mode shape analysis of the 

first mode shows that there are two groups of generators swinging against each other.  

The first group consists of three generators, which are G8, G9, and G10. This group 

is dominated by machine G9 with a participation factor of 53.1 %. The second group 

consists of the rest of generators, which are dominated by G5 with a participation 

factor of 21.3 %. Moreover, the mode shape analysis of the second unstable mode 

shows that the second unstable mode is excited mainly by G1 (the equivalent of a 

large number of generators), and the rest of the SGs in the test system, which are 

swinging against each other. The rest of the electromechanical modes are stable 

modes with low damping factors. The mode dominated by G5 has a low damping 

factor of 0.4% oscillating at a low frequency of 0.909 Hz.    

However, in the second case, in which SGs G5, G7, and G9 are equipped with 

PSSs, the system is stable as the unstable modes are damped by the selected PSSs.  

The number of oscillatory modes with damping factors less than 10% is decreased 

from eight in the first case to four in the second case. Critical modes dominated by 

G1, G5, G6, G7 and G9 in the base case are damped out in this case by the selected 

PSSs. Moreover, the damping factor of modes dominated by G3, G4 and G8 

increased from 2.1%, 4.7% and 8% to 2.2%, 8.7% and 8.5% respectively. However, 

there is a new local mode dominated by G4 with a damping factor of 8.7% 

presenting in this case.      

Table 4.2  Main electromechanical modes of Case 1 (SG case without any PSS), Case 2 (G5, G7, G9 

is equipped with PSS), Case 3 (G7 and G9 are replaced by DFIG based wind farms controlled their 

terminal voltage at 1 p.u.).  

Case 
Eigenvalue 

λ = σ + jω (p.u.) 

Damping 

Factor ζ (%) 

Frequency     

f (Hz) 

Dominant 

Machine 

1 
0.135±j5.63 -2.4 0.896 G9 

0.047±j3.70 -1.3 0.589 G1 
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-0.024±j5.71 0.4 0.909 G5 

-0.146±j6.82 2.1 1.086 G3 

-0.171±j6.29 2.7 1.002 G6 

-0.37±j7.84 4.7 1.247 G4 

-0.414±j8.07 5.1 1.284 G7 

-0.64±j7.97 8.0 1.269 G8 

2 

-0.151± j 6.83 2.2 1.086 G3 

-0.264± j 6.16 4.3 0.98 G2 

-0.654 ±j 7.53 8.7 1.199 G4 

-0.683 ± j7.99 8.5 1.272 G8 

3 

-0.149± j6.85 2.2 1.091 G3 

-0.19± j3.89 4.9 0.619 G1 

-0.354± j6.22 5.7 0.99 G2 

-0.52± j7.821 6.6 1.245 G4 

-0.625± j6.87 9.1 1.094 G6 

-0.717± j7.93 9 1.262 G8 

 

To show the impact of replacing large synchronous machines equipped with PSS 

by an equivalent DFIG based wind farm, G7, and G9 that equipped with PSS are 

replaced by two equivalent DFIG based wind farms. The results show that the system 

is stable as shown in Table 4.2. The two wind farms installed did not participate in 

electromechanical oscillations, and therefore, the unstable oscillatory modes in the 

first case that mainly excited by G9 do not exist in this case. Moreover, there are less 

oscillatory modes than in the base case.  

Critical modes dominated by G5, G7, and G9 in the base case are damped out in 

this case as the mode dominated by G5 is damped by the G5 PSS and modes 

dominated by G7 and G9 are damped as a result of replacing these two synchronous 

machines with equivalent DFIG base wind farms. Moreover, the integration of the 

two wind farms has a positive effect on the damping of the other modes. The 
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unstable mode in the base case that dominated by G1 is shifted to the stable region, 

and the damping factor increased from -1.3% to 4.9%.  The damping ratio associated 

with the mode dominated by G6 is increased from 2.7% to 9.1% as a result of 

replacing G7 by an equivalent wind farm. In addition, the damping factor of modes 

dominated by G3, G4, and G8 in the base case is improved from 2.1%, 4.7% and 8% 

to 2.2%, 6.6% and 9% in case3 when the SGs G7 and G9 are replaced by equivalent 

DFIG based wind farms.   

The small signal stability results indicate that replacing large-scale SGs by 

equivalent DFIG based wind farms improves the damping of power system 

oscillations. However, replacing large-scale SGs equipped with PSSs by an 

equivalent DFIG based wind farms can have a negative impact on the damping of 

power system oscillations as can be seen in Table 4.2. In a comparison of case 2 with 

case 3 (replacing G7 and G9 that are equipped with PSSs by equivalent DFIG based 

wind farm), case 2 is more stable than case 3 as there are additional two critical 

modes in the wind farm case. These two modes are dominated by G1 and G6 with a 

damping factor of 4.9% and 9.1% respectively.  

These results reveal that replacing synchronous machines fitted with PSSs by 

equivalent DFIG based wind farm have negative impacts on the small signal rotor 

angle stability of power systems. However, if the replaced synchronous machines are 

not fitted with PSSs, the impacts on small signal rotor angle stability of power 

system will be positive as the installed DFIG based wind farms will not participate in 

electromechanical oscillations.   

4.6 Analysis of the Impact of DFIG Wind Turbines on Power 

System Transient Stability 

The main objective of examining the impact of DFIG wind turbines on power 

system transient stability is to determine the capability of a power system to maintain 

synchronism when subjected to a large disturbance. This has to be done through a 
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nonlinear time domain simulation by using appropriate models for the various power 

system components.  

To conduct a transient stability analysis, the system has to be exposed to a large 

disturbance such as a three-phase short circuit fault.  The location of the disturbance 

has to be chosen carefully for transient stability study. It may be selected according 

to the result of a small signal stability study. Modes with low damping factors can be 

aggravated by a large disturbance. Therefore, the fault has to be near the machine 

that has the highest participation factor in the specified mode.  

When the synchronous machines electrical torque falls below mechanical torque 

during a fault, the rotor will accelerate leading to a higher rotor angle position. 

However, for DFIG, the torque-angle characteristic does not exist due to its 

asynchronous operation. Hence, the dynamic response of a DFIG to system 

disturbances is different from that of a SG [141].  

The synchronous machines rotor angle measured with respect to a synchronously 

rotating reference is considered as one of the parameters to test the stability of the 

system. The power system is said to be unstable if the differences of rotor angle of 

any SG in relation to other SGs increase indefinitely.  

 In this thesis, the rotor angle of the interconnected SGs will be used to assess the 

stability of power system. Transient stability can be measured by transient stability 

index (TSI) which is defined as follows [159]:  

 
360  
  100       where 100 100  
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   (4.1) 

Where: and 𝛿𝑚𝑎𝑥  are the transient stability index symbol and the maximum 

angle separation (in degree) between any two generators in the system at the same 

time in the post fault condition respectively.  
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The transient stability index can vary from -100 to +100. The power system is 

considered as a stable system if the value of transient stability indexis greater than 

zero.  

Moreover, the transient stability can be assessed by observing post-fault 

conditions. Different generator variables can be evaluated after the fault to identify 

whether the power system is in stable condition or not. The variables that can be 

monitored are: 

 Generator rotor angle: if the generators rotor angle drops out of phase, the 

generators are in a high possibility to lose the synchronism. As a result, 

the power system will be in unstable condition. 

 Active power: the power system is in unstable condition if there are 

increasing undamped oscillations after the fault. 

 Terminal voltage: the system is treated as being stable as long as the 

terminal voltage of the generator recovers quickly.  

 Reactive power: absorbing a large amount of reactive power by the grid 

after the fault is a sign of transient instability. This could be due to 

voltage collapse of the power system.   

4.6.1 Transient Stability Analysis of the IEEE 9-bus System with 

Integration of DFIG Wind Turbines 

The IEEE 9-bus test system is used to study the impact of DFIG wind turbine on 

power system transient stability as described in Section 4.5.1.  

The analysis is carried out for three different cases, which are similar to the cases 

used to study small signal rotor angle stability: 

 Case 1: SG case, this is a base case scenario in which all generators are 

considered to be conventional SGs with G3 operate at a fixed unity 

power factor. 
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 Case 2: G3 is replaced by a DFIG based wind farm operating at fixed 

unity power factor (no reactive power injected into the system from 

DFIG). 

 Case 3: G3 is replaced by a DFIG based wind farm controlled its 

terminal voltage at 1 p.u. (the reactive power is controlled to achieve a 

specified voltage value at terminal bus).  

 The result of small signal stability study shows G2 has the highest participation 

factor. Therefore, the location of the disturbance has to be near G2. A 3-phase to 

ground fault with duration of 150 ms was imposed near Bus 7 on line 5-7. The fault 

was cleared by opening both sides of the faulted line simultaneously.  

4.6.1.1 Results and Discussion 

In order to assess the effect of DFIG based wind farm on transient stability of the 

test system, rotor angle of each generator is observed, from which the transient 

stability index is calculated. Active and reactive power output of each generator are 

monitored. Moreover, the terminal voltage of the replaced SG (Bus 3) is monitored. 

The angle of the largest SG G1, which is the slack generator, was taken as a 

reference angle. 

In Figure 4.4, rotor angle oscillation of the G2 relevant to G1 can be seen for the 

three cases. At 0.1 s the rotor angle of G2 starts to accelerate as a result of the 3-

phase to ground fault that imposed near Bus 7, but it remains in stable condition as 

the rotor angle did not drop out of phase. The figure shows that rotor angle variation 

of G2, when a wind farm of an equivalent size replaced SG G3, has a larger rotor 

angular swing than that in the base case. However, the rotor angular swing is 

improved when the DFIG based wind farm controls its terminal voltage at 1 p.u. This 

indicates that controlling the reactive power of the wind farm to achieve a predefined 

voltage value can improve rotor angle stability.  
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Figure 4.4  Rotor angle of G2 for case 1 (SG case), case 2 (G3 is replaced by DFIG based wind farm 

operating at fixed unity power factor), case 3 (G3 is replaced by DFIG based wind farm controlled its 

terminal voltage at 1 p.u.). 

Moreover, Table 4.3 shows that the stability of the test system is reduced after 

SG G3 is replaced by an equivalent wind farm operating at a unity power factor, as 

the transient stability index is decreased from 65.3 in the first case to 62.87 in the 

second case. Controlling the terminal voltage of DFIG wind turbine improves the 

transient stability index from 62.87 to 64.77. These results support the results 

obtained by small signal stability analysis.   

Table 4.3  Transient stability index of cases 1-3 

TSI Case 1 Case 2 Case 3 

  65.3 62.87 64.77 

 

The terminal voltage of G3 falls to 0.7 p.u. during the fault period and then 

recovered quickly to its normal value after the fault is cleared as indicated in 

Figure 4.5. However, in the case of the wind farm (both cases 1 and 2), the terminal 

voltage of DFIG falls to 0.4 p.u. during the fault period and then recovers to 

approximately 0.8 p.u. after fault clearance when the crowbar is still active. After the 

crowbar circuit is deactivated and the DFIG start to control active and reactive 

power, the terminal voltage of wind farm in scenario C recovers more quickly to its 
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predefined value after the crowbar is deactivated. This is due to the reactive power 

that is injected into the grid to maintain the terminal voltage of the wind farm at its 

nominal value.  

 

Figure 4.5  Simulation results of the terminal voltage (Bus 3) for the three cases 

The reason behind the large fall in voltage in cases 2 and 3 is the lack of reactive 

power support from DFIG during the fault as shown in Figure 4.6 (a). SGs have the 

ability to inject reactive power over the whole fault period while DFIG based wind 

farm act as an induction generator and hence absorb reactive power leads to further 

voltage drop. After the fault and during the active crowbar time the induction 

generator absorbs a large amount of reactive power, this clarifies why the terminal 

voltage of the wind farm does not recover to its normal voltage after the fault 

clearance.  
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Figure 4.6  Simulation results of the (a) Generator’s total reactive power, (b) Generator’s total active 

power for the three cases.  

Active power of G3 and DFIG based wind farm for each case can be seen in 

Figure 4.6 (b). The active power produced by DFIG in voltage control case is similar 

to the unity power factor case. However, the active power of wind farm cases and SG 

case are different during and after the fault is cleared. SG G3 is providing the grid 

with approximately 60 MW of active power during the fault period compared to just 

12 MW injected from the wind farm. The active power of G3 after the fault oscillates 

because of its rotor inertial response. However, in the case of the wind farm, the 

active power output after the fault is relatively smooth. 

The analysis and simulation results of previous cases clearly show that replacing 

a SG with a DFIG based wind farm has an adverse impact on the transient stability of 

the system, and the degree of the impact would depend on the control strategy used 

within the DFIG-RSC. The results of completed analysis demonstrate that although 

DFIG with voltage control can produce reactive power after crowbar deactivation 

time, both of unity power factor control and voltage control modes cannot provide 

any reactive power during active crowbar time. On the contrary, DFIG absorbs a 

large amount of reactive power leading to a severe voltage drop. 



Chapter 4: Wind Power and Power System Stability 

 

125 

 

4.6.2 Transient Stability Analysis of the IEEE 39-bus System with 

Integration of DFIG Wind Turbines 

 IEEE 39-bus System is used to study the impact of DFIG wind turbine on power 

system transient stability as described in Section 4.5.2.  

The analysis is carried out for three different cases, which are similar to the cases 

used to study small signal rotor angle stability: 

 Case 1: SG case, this is a base case scenario in which all generators are 

considered to be conventional SGs without any PSS. 

 Case 2: SG case with PSS, SGs G5, G7, G9 are equipped with (STAB1) 

PSS. 

 Case 3: SGs G7 and G9, which are equipped with PSS, are replaced by 

DFIG wind farms controlled their terminal voltage at 1 p.u. (the reactive 

power is controlled to achieve a specified voltage value at the terminal 

bus). 

To analyse the impact of wind power on IEEE 39-bus system transient stability, 

the three cases are simulated by a nonlinear simulation and therefore, the system has 

to be exposed to a significant disturbance such as a three-phase short circuit fault. 

The location of the disturbance is chosen to be near the most critical bus (bus 16). A 

150 ms three-phase to ground permanent fault is applied at t = 0.1 s near critical bus 

16 on transmission line 16–24. The fault was cleared by opening both sides of the 

faulted line simultaneously. 

4.6.2.1 Results and Discussion 

The rotor angles of each synchronous machine relative to the angle of largest SG 

G1, which is taken as a reference angle, are monitored. Figure 4.7 shows the rotor 

angles of G2 to G10 with respect to that of G1 in the first case where all PSSs are out 

of service. It is clear that the amplitude of the oscillation is increasing with time 

leading to system instability. As mentioned in the small signal stability analysis that 
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G9 is dominated the unstable oscillatory mode, G9 loses its synchronism after 11 s in 

the nonlinear transient stability simulation.  

 

Figure 4.7  Rotor angles of SGs for case 1 (all generators without PSSs)  

However, the system stability can be maintained by installing PSSs in G5, G7, 

and G9 as shown in Figure 4.8. This figure shows that rotor angle variation of the 

system in case 2 is better that in case 1. The unstable modes in the previous case, 

which are dominated by G1 and G9, are damped out by the installed PSSs leading to 

system stability. The steady state values of all rotor angles are reached in about 8 s as 

a result of PSSs damping torque. 
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Figure 4.8  Rotor angles of SGs for case 2 (G5, G7, G9 are equipped with PSS). 

  

Figure 4.9  Rotor angles of each generator for case 3 (G7, G9 are replaced by an equivalent DFIG). 

The rotor angles of each SG after G7 and G9 are replaced by two equivalent 

wind farms (case 3) are shown in Figure 4.9. The test system is affected adversely as 

a result of replacing the conventional SGs equipped with PSSs by an equivalent 

DFIG based wind farms. Due to the lack of damping torque provided by the replaced 

PSSs, the oscillations, in this case, last longer than those oscillations in case 2. 
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Moreover, a number of machines have larger rotor angle magnitudes than that in the 

second case. These results are similar to those obtained previously in the small signal 

stability analysis. 

 

Figure 4.10  Transient responses of the studied system (a) (terminal voltages and reactive power of G7 

and G9 in case 2), (b) (terminal voltages and reactive power of wind farm 1 &2 in case 3). 

Figure 4.10 shows the terminal voltages of G7 (bus 36) and G9 (bus 38) for 

cases 2 and 3. In case 2, the terminal voltages of G7 and G9 fall to 0.6 p.u. and 0.77 

p.u. respectively during the fault period and then recovered quickly to their normal 

values after the fault is cleared as indicated in Figure 4.10 (a). However, in cases 3, 

the terminal voltage falls to 0.2 p.u. during the fault period and then recovers to 0.6 

p.u. after the fault clearance and when the crowbar is still active as shown in 

Figure 4.10 (b). The terminal voltage of both wind farms then recovered to their 

normal values after the crowbar is deactivated. It is clear that the terminal voltage of 

both G7 and G9 are variable after the fault period in comparison with the two wind 

farms, in which the terminal voltage is kept smooth after the crowbar deactivation. 

This is due to the fact that wind farms decoupled from the system and hence they did 

not contribute to the power system oscillations.     
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The SGs are producing approximately 300 MVAr each during the entire fault 

period, which in turn enables high voltage levels. Contrariwise, DFIG based wind 

farms absorb about 80 MVAr during the fault and 200 MVAr after the fault and 

during the operation time of the crowbar. This is for the reason that DFIGs crowbar 

will be activated following the short-circuit, and hence, the DFIG will operate as an 

induction generator.  

Based on the results of small signal and transient stability analysis, damping of 

power system oscillations is reduced to some extent if a wind farm with DFIG 

replaced equivalent conventional SGs equipped with PSSs. Moreover, the terminal 

voltage of the SGs can be significantly reduced in the case of disturbance if the 

generator replaces by an equivalent wind farm due to the lack or reactive power 

during the disturbance.   

4.7 Summary 

In this chapter, wind power and power system stability were investigated. As the 

dynamic behaviour of power systems are highly influenced by the generators, the 

continuous increase of wind power integration into power systems can affect the 

stability of power systems, which currently becomes a very important issue. 

Therefore, investigate the effects of wind power integration on the three types of 

power system stability, which are rotor angle stability, frequency stability, and 

voltage stability, are discussed in this chapter.    

The increased penetration of wind power indeed affects the stability of power 

system as the dynamic characteristics wind turbines are different from that of the 

SGs. Small signal stability is likely to be improved by wind power installation, 

particularly with fixed speed wind turbines due to the damping effect of the induction 

generator. However, power system transient stability is likely to be degraded with 

high penetration of wind power particularly fixed speed wind turbines.  Similarly, 

large wind power penetration has a negative impact on power system voltage 

stability.  Variable speed wind turbines have better voltage recovery than the fixed 

speed wind turbines since variable speed wind turbines are able to regulate reactive 
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power independently from the generated active power. Additionally, the increase of 

wind power penetration in electricity grid reduces the power system inertia, which is 

directly affecting frequency change rate. 

To show the impacts of replacing SGs by equivalent DFIG based wind farms on 

rotor angle stability, two case studies were conducted on realistic power systems.  

The analysis and simulation results clearly show that replacing a SG by a DFIG 

based wind farm has a negative impact on transient stability of the power systems, 

and the degree of the impact would depend on the control strategy used within the 

DFIG-RSC. However, the impact on small signal stability depend on whether the 

replaced SG is fitted with PSS or not. Based on the results of small signal and 

transient stability analysis, damping of power system oscillations is reduced to some 

extent if a DFIG-based wind farm replaced an equivalent conventional SG. 
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              Chapter 5

Proposed Control Approaches for DFIG 

5.1 Introduction 

The aim of this chapter is to develop control approaches for DFIG based wind 

farms to mitigate the impacts of high penetration of wind power on power systems 

small signal and transient stability. As the increase of wind power penetration 

continues, the impacts of wind power on power system stability will be significant. 

These effects have to be mitigated as wind power turbines should be able to 

contribute to network support and operation in order to keep the entire power system 

in stable condition. The most important contributions are fault ride through 

capability, power oscillations damping and voltage support capabilities during 

network disturbances. Poor damping of power oscillations and lack of reactive power 

support can deteriorate system stability and lead to blackouts.  

Since DFIGs are not synchronously coupled to the power systems, the wind 

turbines do not produce any new electromechanical oscillations. However, damping 

of power system oscillations is reduced to some extent if a DFIG based wind farm 

replaced an equivalent conventional SG equipped with a PSS. This can be mitigated 

by equipping the DFIG wind turbines with PSSs. Moreover, as the ability of wind 

turbines to withstand network disturbances are very limited in comparison to 

conventional SGs, they are required to ride through grid disturbances and support the 
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grid voltage during and immediately after the grid disturbances. Therefore, a control 

approach to utilise the DFIG-GSC to provide reactive power support during grid 

faults is proposed.  

5.2 Modal Analysis of Power Systems 

In this section, the method used to assess power systems small signal stability is 

described, which is used to design power oscillations damping controller. As 

described in Chapter 4, small signal stability is the ability of the power system to 

remain synchronised after being subjected to a small disturbance. The equations of 

power system in small signal stability can be linearized for purposes of analysis as 

disturbances are considered small, for instance, small changes in load, which are 

frequently encountered in normal operation conditions. 

Power systems can be described by sets of nonlinear ordinary differential-

algebraic equations which can be represented in matrix format as follows [89]: 

 
•

x  = f ( x,u)   (5.1) 

 y = g( x,u)   (5.2) 

where          

 = ,  = 

 = ,  = 

= ,  = 

1 1

1 1

1 1

T T
• • •

2 n 2 n

T T

2 m 2 n

T T

2 p 2 p

x x … x x x … x

u u … u f f … f

y y … y g g … g

   
   

   
   

   
   

•
x x

u f

y  g

  

In which x is a vector of n state variables, u is the vector of inputs to the system, 

m is the number of inputs, f is vector of non-linear equations, y is the vector of 

outputs, p is the number of outputs, and  g is a vector of nonlinear functions relating 

state and input variables to output variables. 

At equilibrium points, all the variables are constant and unvarying with time and 

therefore, (5.1) can be written as:  
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•

0 0 0
x  = f ( x ,u ) = 0   (5.3) 

Where X0 is state vector and U0 is the input vector at the equilibrium point.  

If small deviations from the equilibrium point (5.1) can be written as: 

 
  

• • •

0 0 0
x  = x + Δx = f ( x + Δx ),( u + Δu )

  (5.4) 

As the deviation is a small, (5.4) can be expressed in terms of first order Taylor 

series expansion as follows: 

 •
Δx  = AΔx + BΔu   (5.5) 

where Δx is the incremental state vector of dimension n, Δu is the incremental  

input vector of dimension m, A is the state or plant matrix of size n×n, and B is the 

control or input matrix of size n×m. 

 

1 1 1 1

1 1

1 1

,

n m

n n n n

n m

f f f f

x x u u

f f f f

x x u u

      
      
   
    
   
      

         

A B           (5.6) 

 

Similarly, (5.2) can be written as: 

 Δy = CΔx + DΔu   (5.7) 

where Δy is the incremental output vector of dimension p, Δu is the incremental 

input vector of dimension m, C is the observation (output) matrix of size p× n, and D 

is the feed-forward matrix of size p×m. 
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C D    (5.8) 

 

5.2.1 Eigenvalues and Eigenvectors 

In the linearized power system state space model, calculation of the eigenvalues 

of the system matrix A are required which are given by the values of the scalar 

parameter λ for which there exist non-trivial solutions to the following equation: 

   AΦ Φ   (5.9) 

where ϕ is  n×1 vector  

For any eigenvalue λi, the n-column vector ϕ that satisfies (5.9) is called the right 

eigenvector of A associated with the eigenvalue λi. The right eigenvector is related to 

the mode shape, and it expresses the relative distribution of the mode through the 

system dynamic states. Information about the observability of the associated mode in 

the state variable can be extracted from the right eigenvector.  

Similarly, there exists a left eigenvector, a 1×n row vector ψi which satisfies λi is: 

   
i


i i
ψ  A ψ   (5.10) 

Information about the states distribution within any mode can be given by left 

eigenvector associated with that mode. Modes that excited by a particular input are 

directly affected by left eigenvector, which can measure the controllability of the 

associated mode. 
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The left and right eigenvectors related to various eigenvalues are orthogonal. 

This is mean that, if λi is not equal to λj then 

 0 , i j 
i j

Φ ψ   (5.11) 

If the eigenvectors corresponding to the same eigenvalue, then 

 
i j i
ψ = C   (5.12) 

where Ci is a constant and non-zero. In practice, it is a common to normalise 

these vectors so that 

 1 
i j
ψ   (5.13) 

The modal matrices ϕ, and right-left eigenvectors ψ are formed as follows 

  1 2 n
      (5.14) 

 
1 2 n

T
T T T     ψ   (5.15) 

 , -1
ψ I ψ =   (5.16) 

The behaviour of a mode λi as a function of time is expressed by (5.17) [160] 

 i te 
  (5.17) 

From equation (5.17), it is clear that real eigenvalues corresponding to a non-

oscillatory mode where a negative value represents a decaying mode determined by 

its magnitude and positive real eigenvalues will lead to increasing amplitude. 

Complex eigenvalues occur only in conjugate pairs and correspond to oscillatory 

modes.   
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 j      (5.18) 

where σ is the real component that provides damping and ω is the complex 

component that gives the frequency of oscillation in rad/s. 

To determine the oscillation amplitude damping rate, the following formula is 

used  

 
2 2




 





  (5.19) 

where ζ is the damping factor of a mode 

Stability of a power system can be determined by the sign of the real part of 

eigenvalues. It is clear that if any eigenvalue has a positive real part, the power 

system is unstable. Similarly, eigenvalues with negative parts can lead to system 

instability if the damping factor is small. The oscillation frequency is calculated from 

the eigenvalues imaginary part while the real part can give information about the 

damping ratio. The damping ratio indicates the stability degree of a power system as 

the high positive value of a damping ratio indicates the system is more stable. Power 

systems with eigenvalues with high damping factors can restore steady state 

operation quickly following disturbances.  

In this thesis, Neplan software [157] is used to linearize and calculate eigenvalues 

and eigenvectors of the test power systems.    

5.2.2 Participation Factors 

Participation factor is used to measure the degree of participation of a state in a 

mode. For state variable j in any selected mode i, the participation factor can be 

calculated as follows [161]: 

 
ji ji ij

P = ψ   (5.20) 
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where Pij is the participation factor, ϕji is the j
th

 entry of the i
th

 right eigenvector 

and ψij is the j
th

 entry of the i
th

 left eigenvector. 

The degree of i
th

 eigenvalue to changes in the j
th

 diagonal element of the A 

matrix can be measured by the participation factors which are associated completely 

with the mode. Inputs and outputs are not included in participation factors, which 

deal only with system state variables [162].  

5.2.3 Modal System Representation 

The power system linearized model expressed in (5.5) (5.7) is defined by state 

variables which are cross-coupled. A different description of the linearized power 

system model can be achieved by using modal transformation including the use of 

right eigenvector matrix. This linearized power system model is described by 

uncoupled modal state variables. The modal transformation between the state 

variables and the modal variables can be as follows: 

 Δx = z   (5.21) 

where Δx is state variables, ϕ is the modal transformation matrix, and z is a 

vector of modal variables. 

By substituting (5.21) in the equations (5.5) and (5.7)  

 •
z = Fz +GΔu   (5.22) 

 Δy = Hz + DΔu   (5.23) 

where               -1
F = A                                 (5.24) 

 -1
G = B = ψB   (5.25) 

 H = C   (5.26) 
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Matrixes F, G, and H can be defined as follows [89]: 

 Matrix F is a diagonal matrix, whose diagonal elements are the 

eigenvalues of A. 

 Matrix G is referred to as the mode controllability matrix defines how 

controllable a mode is through a given input. If Gij is equal to zero, then 

the j
th

 input will have no effect on the i
th

 mode. 

 Matrix H is referred to as the mode observability matrix which defines 

how observable a mode is in a given output. If the element Hki is equal to 

zero, then the i
th

 mode cannot be observed in the k
th

 output. 

By applying the modal transformation to the transfer function representation of 

the linearised power system after applying Laplace transform to (5.5) and (5.7), and 

by assuming the feed-forward matrix D is zero since it has no effect on system 

modes and to simplify the analysis then will get [1], [163]: 

 
1

( )
n

i

i i

R
G s

s 




   (5.27) 

Where Ri is the open loop residual of the system transfer function.  

Residual values have information of both modal observability for a given output 

and controllability through a given input.  

5.3 Damping Controller Design  

This section presents the design of a controller for DFIG based wind turbines to 

improve the damping of power system oscillations. The main function of the 

damping controller is to damp low-frequency power oscillations between 0.1 and 2 

Hz, which are identified as local or inter-area modes, by adding an additional 

stabilising signal to compensate for undamped oscillations [164]. The widely used 

conventional PSS is used in this study as shown in Figure 5.1. It is a supplementary 

control device, which is connected to generator excitation systems.  
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Figure 5.1 Power system stabiliser structure 

 

 The conventional PSS consists of a stabiliser gain Kpss, a washout filter with 

time constant Tw (s), a second-order lead-lag compensator with time constants T1 to 

T4 (s), and an output limiter. The gain determines the amount of damping introduced 

by the damping controller. The single washout filter with time constant Tw = 5 s is a 

high pass filter used to allow a certain range of frequency and is anticipated to be 

active only through transient periods. The two-stage compensator block provides an 

appropriate lead- lag phase of the output signal in order to enhance the damping of 

power system oscillations. The limiter is used to assure that the output signal is under 

the control limits. In this study, the values of the limiter are set to ±0.1 p.u. The 

transfer function of the PSS can be expressed by [165]: 

 31

2 4

1  1  

1 1
  

1
pss in

w

w

pss

ST STST

ST ST ST
Ku u



  


   
   

   
  (5.28) 

where uin and upss are input and output signals of the controller respectively, Kpss is 

the gain, Tw is a washout time constant (seconds) and T1 to T4 are time constants of 

the lead-lag compensator (seconds). 

In this thesis, a PSS is used for DFIG wind turbines to damp power system 

oscillations as conventional SGs do [60, 166]. The output signal of PSS is attached to 

the reactive power controller within RSC to help to increase the damping torque by 

controlling the reactive power produced by DFIG as shown in Figure 5.2. The 

amplitude of oscillations can be reduced by changing the DFIG terminal voltage 

during the forward or the backward swing.  



Chapter 5: Proposed Control Approaches for DFIG 

 

140 

 

 

Figure 5.2 Proposed PSS (dashed blue lines) attached to DFIG-RSC. 

 In order to enhance the damping of the poorly damped low-frequency 

oscillations, critical oscillatory modes have to be modified.  Therefore, the poorly 

damped oscillatory modes must be excited by the chosen input signal and have to be 

visible in the chosen output signal. Input signals with a higher magnitude of residual 

are more effective for damping the oscillatory modes [167].  

 Residual approach, which has been used for designing PSSs in SGs, can also 

be used for designing PSSs for DFIG based wind turbines. The feedback signal and 

phase angle that needs to be compensated can be determined by the residual 

approach. The residual is a comprehensive index that measures the degree to which 

the selected mode is influenced by the controller.  

Considering the control system as shown in Figure 5.3 in which the control 

output ∆y is sent back to the controller input signal ∆u through a block filter H(s), 

which has gain K  from [168]: 

 ( )i

i i

d
H R

dk


   (5.29) 
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Figure 5.3  Generic control System 

The residual Ri corresponding to a particular eigenvalue ith for a transfer function 

between a selected input u and output y can provide a measure of the mode’s 

sensitivity to the feedback control. Therefore, the residual method can give an 

indication of how the modes will be affected by the feedback control. Moreover, the 

residual is a complex value, and thus, the angle gives the direction in which the root 

locus leaves the associated pole. Hence, the required phase compensation between 

the input and output of PSS can be calculated by the residual angle to give a positive 

contribution to the damping of the selected mode [169]. Figure 5.4 shows a 

schematic illustration of the required phase compensation, where Ri  represents the 

phase angle of residual Ri and Hi  represents the PSS transfer function phase angle 

respectively.  
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Figure 5.4  Schematic illustration of compensation concept. 

 As DFIG wind turbines are to some degree decoupled from the rest of the 

grid, the produced active power and the machine speed signals of DFIG wind 

turbines are not sensitive to the system oscillations. Moreover, these two signals are 

affected by tower shadow and torque variations. To avoid the use of wide area 

communications, the available local signals such as the deviations of the DFIG based 

wind farm terminal voltage and frequency are examined using residual analysis. The 

mode’s sensitivity to the input signal of PSS can be provided by the residual of any 

specific mode. In [89], detailed information about how to calculate the residual from 

a transfer function is given. The required phase angle compensation and the time 

constants can be taken from [162]:   
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where 
comp

  is the required phase angle compensation given in degrees, Ri  

represents the phase angle of residual Ri and mc represents the number of lead-lag 

blocks which are defined according to 
comp

 . 
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As time constants of the lead-lag compensator have been defined, the following stage 

is to set the PSS gain Kpss. The gain of the controller is set to the minimum value that 

fulfils the requirement damping for the selected mode that to be damped. In this 

work, the PSS gain Kpss is chosen using data scanning tool of the software used in 

which the gain is increased incrementally and is recorded against the selected mode.   

As the DFIG is partly decoupled from the grid by the partially rated converters, 

the power and rotational speed signals of DFIG wind turbines are less sensitive to 

grid oscillations. Moreover, these signals are influenced by torque variations due to 

tower shadow. Therefore, the available local signals are carefully chosen as PSS 

input signal to avoid the use of wide area communications.  

Different approaches can be used to select the best feedback signal to damp 

power system oscillations [170-174]. A good method reported in [170, 173, 174] is 

the residual method mentioned earlier in this chapter. Based on residual analysis 

results, frequency deviation signal is carefully chosen for successful damping of 

oscillations. The output signal of the PSS is connected to the DFIG-RSC reference 

voltage signal as can be seen in Figure 5.2.  

5.3.1 Designing DFIG-PSS for IEEE 9-bus Test System 

The results of detailed small signal stability analysis conducted in Chapter 4 on 

IEEE 9-bus test system show that there is a critical mode with damping factor less 

than 5%. The critical mode (-0.306 ± 7.734) oscillating at 1.231 Hz with a damping 

factor of 3.9%. To move this critical mode away from the right-hand side of the 

complex plane the DFIG has to be fitted with a PSS. The proposed PSS is fitted to 

the reactive power control loop as mentioned previously.  

To calculate the residual’s phase angle Ri  of the critical mode, the PSS is only 

implemented with a constant gain Kpss  and washout filter with time constant Tw = 5s. 

No phase compensation blocks are involved at this stage. For different gain values, 

the critical mode must move in a straight line direction, as defined by the residual. 
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The analysis was performed under the cases were Kpss ranges from 0 to 50 with 

step of 5. The corresponding locations of the eigenvalues associated with the critical 

mode were recorded, and the results are displayed on Figure 5.5.  

 

Figure 5.5  Residual’s phase angle estimation for DFIG-PSS design 

The required phase angle compensation was estimated to be 76° as shown in 

Figure 5.5. In this case, the phase compensation blocks have to introduce a phase 

shift of -76° as the applied feedback is positive instead of negative. The phase shift 

has to be introduced at 1.231Hz = -1.326 rad/s (the frequency of the critical mode).  

As 
comp

 is larger than 55° the number of lead-lag compensation blocks has to be 

two. Employing equations (5.31) and (5.32) the transfer function of the positive 

feedback are found to be: 
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Critical mode 

Kpss = 0 to 50 

Φ=76° 
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To define the value Kpss , the gain increased incrementally from 0 to 200 and 

recorded against the mode. The best gain of 170 was obtained against the mode (-

0.967 ± 7.964). As a result, the completed transfer function of the positive feedback 

will be: 
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  (5.35) 

5.4 Reactive Power Support 

When the terminal voltage at the DFIG decreases rapidly to a low level as a 

result of a close grid fault, a large current can occur in stator windings due to the 

stator’s direct connection to the rest of the grid. The machine fluxes are forced to 

change suddenly leading to high rotor currents due to the magnetic coupling between 

the stator and the rotor. These currents can damage the DFIG-RSC. Therefore, in 

modern wind turbines, DFIG crowbar system is activated when overcurrent exists in 

the rotor windings. The crowbar system consists of a set of three-phase series 

resistances connected to the rotor windings [50]. 

Following the short circuit, the crowbar will be activated and hence the DFIG 

will work as an induction generator. In this case, a large amount of reactive power 

will be absorbed from the grid by the induction generator. The crowbar resistance 

should be high enough to limit the short-circuit rotor current, and it should be low 

enough to avoid excessive voltage in the rotor circuit. Therefore, the crowbar 

resistance must be chosen carefully. After the fault is cleared out, a delay time of 60 

ms to 120 ms is needed to allow the machine flux transients to settle. Then the 

crowbar can be switched off, and the RSC goes back to normal operation to control 

the DFIG [175]. 

Since the RSC is deactivated during large transient disturbances, the GSC can be 

used as a STATCOM, as can be seen in Figure 5.6, to produce reactive power. The 

reactive power that can be produced by DFIG-GSC is limited by the rating of the 

converter. The GSC is similar to the traditional voltage source converter (VSC) 
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based STATCOM, which consists of a VSC and a DC capacitor. The control system 

of STATCOM is based on the standard d-q vector control scheme. The main 

objective of the STATCOM control circuit is to maintain the voltage of the DC 

capacitor constant and to regulate the interchanged reactive power between the 

converter and the grid. The detailed model of STATCOM can be found in [176], 

[177]. The control circuit of STATCOM is very similar to that already installed in 

the GSC. The same DC voltage control loop, which maintains the DC voltage 

constant in GSC, can be used without any modification to maintain the DC voltage of 

the STATCOM constant. The reactive power control loop, which controls reactive 

power flowing between the grid and the GSC, can be used without any change to 

produce the maximum reactive power of the GSC. It can also be used to regulate the 

DFIG terminal voltage when the switch (SW) is in position 2 in Figure 5.7. 

 

Figure 5.6 General structure of modelling DFIG-GSC as STATCOM. 
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Figure 5.7  Overall vector control scheme of the GSC and STATCOM mode with red dashed lines. 

During normal operation conditions, the RSC controls independently the stator 

active and reactive power, whilst the GSC independently controls the DC voltage and 

the exchange of reactive power between the GSC and the grid. The GSC is usually 

operated at a unity power factor to allow the rated rotor slip power to be exchanged 

through the converter. When the crowbar is activated, the rotor windings are short-

circuited through the crowbar impedance and the RSC is deactivated. Since the GSC 

is decoupled from the rotor windings, there is no need for it to be disabled and hence 

can be used as STATCOM as long as the RSC is deactivated. The necessary time for 

the RSC to be blocked can be less than 1 ms [17]. Therefore, once the crowbar is 

triggered the set point of the GSC reactive power (Q
*

g) can be changed to 1 p.u. to 

deliver its maximum reactive power or change the position of the switch (SW) to 

position 2 to regulate the terminal voltage. The reactive power that can be delivered 

from STATCOM mode is limited by the rating of GSC, which is about 30% of DFIG 

rating. The synchronisation of the RSC can be established after the fault and during 

the crowbar active time. When the crowbar is deactivated, the RSC is activated, and 
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the set point of the GSC reactive power is set back to zero or change the switch 

position back to 1 for normal operation condition. 

5.5 Summary 

This chapter has presented the proposed control approaches of DFIG wind 

turbines to mitigate the impacts of high penetration of wind power on power systems 

small signal and transient stability.  

The chapter began by presenting power systems modal analysis and how models 

of nonlinear power systems can be linearised in order to perform small signal 

stability analysis from which power oscillations damping controller is designed. 

Residual approach, which has been used for designing PSSs in SGs, is used in this 

thesis to design DFIG stabiliser controller. The designed PSS will be assessed in next 

chapter when a DFIG based wind farm replaced an equivalent SG. Finally, a control 

approach to utilise the DFIG-GSC to provide reactive power support during grid 

faults is discussed in this chapter.   
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                            Chapter 6

Enhancement of Rotor Angle Stability 

by Utilising the DFIG Reactive Power 

using the Proposed Approaches 

6.1 Introduction 

With the continuous increasing integration of DFIG wind turbines into power 

systems, the overall power system performance can be influenced, and thus power 

system stability becomes a very important subject. Therefore, investigating the 

effects of DFIG wind turbines integration on the stability of existing conventional 

SGs is becoming an important issue in order to identify potential impacts and to 

develop measures to lessen those impacts. 

This chapter provides illustrations of the impacts of replacing conventional SGs 

with equivalent DFIG wind farms on rotor angle stability of power systems and 

mitigate these impacts by the proposed control approaches described in Chapter 5. 

The effectiveness of the proposed control methods are examined in both standard 

Western System Coordinating Council (WSCC), which is known as IEEE 9-bus test 

system and the widely used New England 10-machine 39-bus system. Small and 

transient stability analysis are conducted on each test system without and with wind 

generation to show the impacts of replacing a SG by an equivalent DFIG wind turbine 
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on rotor angle stability of each system. Then the integrated DFIG wind turbines are 

equipped with the proposed control strategies to show how effective they are to improve 

rotor angle stability of the test system. Moreover, the capability of the proposed 

conventional fixed parameters PSS to damp power oscillations effectively under non-

uniform variable wind speeds across the wind farm is assessed in multi-machines 

power system with two large wind farms.   

6.2 Using IEEE 9-bus Test System to Evaluate Rotor Angle 

Stability using the Proposed Approaches 

To investigate the effect of DFIG based wind farm on the power system rotor 

angle stability, a DFIG based wind farm is connected to the IEEE 9-bus test system. 

The test system has been described previously in Chapter 4, and its full static and 

dynamic data can be found in [178]. In this section, five different cases are analysed 

by small signal and transient stability to show the impact of DFIG on power systems 

rotor angle stability and how the disturbance can be mitigated by the proposed 

control strategies. The description of each case is as following: 

 Case 1: SG case; this is a base case in which the three generators are 

conventional SGs where the three generators are equipped with an IEEE type 

1 exciter and G1, G2 are equipped with turbine governor type TGOV1. 

 Case 2: fixed unity power factor control mode (no reactive power injected 

into the system from DFIG). In this case, G3 is replaced by equivalent DFIG 

based wind farm. The single machine 85 MW wind farm was aggregated 

from 17 turbines of 5 MW each to achieve an equivalent generated power to 

replace SG G3, which is accounted as 27% of the consumed total power of 

the test system.  

 Case 3: voltage control mode; to show the impact of reactive power on rotor 

angle stability, the wind farm operates to maintain its terminal voltage at 1 

p.u. In this case, G3 is replaced by equivalent DFIG based wind farm with a 

voltage control mode.  
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 Case 4: STATCOM control mode; the use of DFIG-GSC as STATCOM 

control strategy, as explained in Chapter 5, will be investigated in this case.  

 Case 5: DFIG-PSS; the DFIG will be equipped with the proposed PSS, as 

explained in Chapter 5. 

6.2.1 Small signal stability analysis 

A detailed small signal stability study on the test system was conducted for each 

case. The system eigenvalues for each case are shown in Figure 6.1. The system is 

stable for all cases as there are no modes in the right-hand side of the complex plane. 

However, there is a critical eigenvalue with damping factor less than 5% in the first 

three cases (case 1, 2 and 3). The critical mode is at its lowest damping factor in case 

1, then improved slightly when the G3 is replaced by an equivalent wind farm but its 

damping factor is still less than 5% for cases 1 and 2.  

 

Figure 6.1 Overview of the complex plane with the test system eigenvalues for cases 1,2,3,5 

 

The critical eigenvalue is moved 

to a desired location by the 

proposed PSS 
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However, the system is much more stable when the proposed PSS is attached to 

the DFIG based wind farm. The critical mode moved away from the right-hand side 

to the left of the complex plane leading to a more stable system. The damping factor 

of the critical mode improved beyond 5% as a result of fitting the wind farm with the 

proposed PSS.   

The dominant eigenvalue and their frequency, damping factor, main machine 

and the participation factor for each main state variable for each case are shown in 

Table 6.1. The critical mode for each case is dominated by rotor angle ρ and speed ω 

of generator G2. The frequency of each mode is relatively unchanged for each case. 

However, rotor angle oscillation of case 5 is much more stable than other cases. The 

damping factor of the main mode is improved slightly from 3.5% to 3.8% when the 

SG is replaced by an equivalent wind farm. This improvement is further enhanced 

slightly to 3.9% when the voltage at the connection point is regulated by the wind 

farm. However, with the proposed PSS, the damping factor of the main mode 

increased significantly from 3.9% (without PSS) to 12% (with PSS). These results 

indicate that rotor angle stability of the system is enhanced due to the effectiveness 

of the proposed PSS. 

Table 6.1  Main electromechanical modes of case 1 (SG case), case 2 (G3 is replaced by DFIG based 

wind farm operating at fixed unity power factor), case 3 (G3 is replaced by DFIG based wind farm 

controlled its terminal voltage at 1 p.u.), and case 5 (the DFIG is equipped with the proposed PSS). 

Cases Case 1 Case 2 Case 3 Case 5 

Eigenvalue 

λ = σ + jω (p.u.) 
-0.265 ±j7.615 -0.297±j7.778 -0.306 ± 7.734 -0.967 ± 7.964 

Frequency 

 f (Hz) 
1.212 1.238 1.231 1.268 

Damping Factor 

ζ (%) 
3.5 3.8 3.9 12 

Dominant 

variable 
ρ, ω ρ, ω ρ, ω ρ, ω 
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Cases Case 1 Case 2 Case 3 Case 5 

Dominant 

Machine 
G2 G2 G2 G2 

Participation 

factor (%) 
35.8, 37.5 40.3, 42.1 40.2, 42.3 48.3, 50.8 

 

The used PSS is designed in Chapter 5, and its parameters are given in the 

following equation: 

 
5 1  0.06308 1  0.06308

 
1 5 1 0.26497 1 0.26497

170
pss in

S S S

S S S
u u

 


  

   
   
   

  (6.1) 

6.2.2 Transient stability analysis   

The result of small signal stability study shows G2 has the highest participation 

factor. Therefore, the location of the disturbance has to be near G2. A disturbance 

lasting 150 ms of a 3-phase to ground fault was imposed near Bus 7 on line 5-7 as 

shown in Figure 6.2. The fault was cleared by opening both sides of the faulted line 

simultaneously. 

 

Figure 6.2  Test system with DFIG based wind farm 
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In order to assess the effect of DFIG based wind farm on transit stability of the 

test system, rotor angle of each generator is observed, from which the transient 

stability index is calculated. The terminal voltage of the replaced SG (Bus 3), active, 

and reactive power are also monitored. The angle of the largest SG G1, which is the 

slack generator, was taken as a reference angle. 

Rotor angle oscillation of the G2 relevant to G1 for the first three cases is shown 

in Figure 6.3. The figure shows that rotor angle variation of the G2 when G3 is 

replaced by a wind farm with an equivalent size has a larger rotor angular swing than 

that in the base case. Therefore, replacing SG by equivalent DFIG based wind farm 

has a negative impact on transient stability of power systems. However, there is an 

improvement when the DFIG based wind farm controls its terminal (case 3). This 

indicates that DFIG reactive power can be used to reduce the deviations between 

synchronous machines rotor angles and consequentially enhancing the power system 

rotor angle stability.    

 

Figure 6.3  Rotor angle of G2 relevant to G1 for cases 1, 2 and 3 

As the RSC is deactivated during large transient disturbances, the GSC can be 

used as a STATCOM, to produce reactive power as shown in Figure 6.4. The 

utilising of GSC to produce reactive power is well explained in Chapter 5.   
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Figure 6.4 shows the amount of reactive power that can be delivered from DFIG-

GSC during normal operation and STATCOM mode. In the case of normal 

operation, GSC cannot provide any reactive power support during fault. In this case, 

the GSC has no contribution towards transient stability improvement. However, in 

the case of STATCOM mode, GSC provides reactive power support during and after 

the fault when the DFIG crowbar is still active. The 3-phase short-circuit fault is 

applied at (t1 = 0.1 s). The DFIG crowbar is triggered at (t2 = 0.12 s) to initiate the 

STATCOM mode after few milliseconds. During the fault period, the DFIG-GSC 

provides 20 MVAr, which helps to improve the terminal voltage of DFIG wind farm. 

Although, the fault is cleared at (t3 = 0.25 s), the STATCOM mode is deactivated at 

(t4 = 0.35 s) when the DFIG crowbar system is also deactivated. After fault 

clearance, DFIG-GSC provides its full rated reactive power to support the terminal 

voltage of wind farm. 

 

Figure 6.4  Reactive power of DFIG-GSC during normal operation (green line) and STATCOM 

modes (red line). 

The produced reactive power helps to improve the terminal voltage of the wind 

farm. The wind farm terminal voltage is improved from 0.37 p.u. to 0.42 p.u. with 

STATCOM mode during the fault and from 0.81 p.u. to 0.88 p.u. after the fault when 

the crowbar is still on as shown in Figure 6.5. 
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Figure 6.5  DFIG terminal voltage with and without STATCOM mode.  

As the DFIG act as an induction generator when the crowbar is on, a large 

amount of reactive power is absorbed from the grid by the induction generator as 

shown in Figure 6.6. The amount of reactive power absorbed from the grid by the 

wind farm is reduced from 63 MVAr (without STATCOM mode) to 34 MVAr (with 

STATCOM mode).  The amount of reactive power produced in STATCOM mode 

helps to decrease the amount of reactive power absorbed from the grid leading to 

better voltage recovery. 

 

Figure 6.6  DFIG reactive power absorbed from the grid with and without STATCOM mode. 
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Figure 6.7 presents the rotor angle of G2 when STATCOM mode is used. The 

magnitude of the rotor angles in cases 2 and 3 is slightly lower when it is compared 

to those in Figure 6.3. A smaller rotor angle deviation of G2 has been gained in the 

case of STATCOM mode as a result of the injected reactive power. The rotor angle 

magnitude and oscillation in the case 3 with STATCOM mode has similar 

performance to SG case. Therefore, replacing a SG by DFIG based wind farm 

controlling its terminal voltage and equipped with STATCOM mode has no negative 

impacts on the transient stability of the power system.  

 

Figure 6.7  Rotor angle of G2 relevant to G1 for case 1, 4 (case 2, 3 with and without STATCOM 

mode) 

The transient stability index of case 1, 2, 3 and 4 are shown in  

Table 6.2. The transient stability index is reduced when the DFIG wind farm 

replaced the SG G3. However, using the proposed method of using the GSC as 

STATCOM increases the transient stability of the power system to reach a similar 

performance to case1. The stability index of case 3 is improved from 64.77 to 65.38 

in case 4, which is similar to the case 1 (65.3).  

Base case 
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Table 6.2  Transient stability index of cases 1-4 

TSI Case 1 Case 2 Case 3 Case 4 

  65.3 62.87 64.77 65.38 

 

The results of case4 indicate that transient stability of the system is improved by 

using DFIG-GSC as STATCOM. The reactive power provided by STATCOM mode 

improves the terminal voltage of wind farm during the disturbance and hence 

resulting in better system stability. Since the terminal voltage of DFIG based wind 

farm can be controlled by the voltage control strategy of RSC during normal 

operation conditions, the STATCOM mode can provide a voltage support during 

transient periods when the crowbar is active. 

The results of small signal stability indicate that rotor angle stability of the 

system is enhanced due to the effectiveness of the proposed PSS. The effectiveness 

of the proposed model of PSS that is designed in Chapter 5 has to be examined 

further by time domain simulation. Figure 6.8 show the dynamic response of G2 

rotor angle when there is no PSS (case 3) and when the PSS is attached to a DFIG 

based wind farm with both voltage control strategy and STATCOM mode (case 5).  
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Figure 6.8  Rotor angle of G2 relevant to G1 for cases 3 and 5 

The time domain simulation clearly shows the oscillation damps down quickly, 

and the rotor angle steady state value is reached in a time of less than 4 s. Therefore, 

it is clear that DFIG based wind farm has the capability to improve rotor angle 

oscillations. 

The PSS output signal that is attached to the reactive power control loop of the 

DFIG is shown in Figure 6.9. During rotor angle oscillations, the frequency deviation 

at the wind farm terminal bus is passed through the PSS blocks to form the output 

signal. The output of PSS is limited by ±0.1 p.u. to assure that the DFIG terminal 

voltage is within limits. The PSS output signal goes to zero when the rotor angle 

oscillation reaches new steady state point.    
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Figure 6.9  Power system stabiliser output signal 

Since PSS output signal is connected to the reactive power loop, the difference 

between the two cases (with and without PSS) is only in the reactive power output as 

can be seen in Figure 6.10. The DFIG stator for with and without PSS cases produces 

a similar amount of reactive power before, and during the fault when the crowbar 

protection is on. This is because the PSS signal before the fault is zero and the 

control of reactive power is disabled during the fault by the crowbar. After the fault 

is cleared and the crowbar is deactivated, the PSS is activated to damp the rotor angle 

oscillations leading to reactive power variation different from the case when there is 

no PSS. The variation of reactive power in the case of PSS is damped in about 4s 

when the PSS output goes to zero.  

DFIG based wind farms equipped with PSS can use STATCOM mode to 

improve system transient stability. The DFIG-GSC can be used as a reactive power 

support during the time when DFIG crowbar is active. Figure 6.10 shows the reactive 

power output of the STATCOM mode when the wind farm is equipped with PSS. 

The GSC provides a reactive power support during the time when DFIG crowbar is 

active only. Conversely, the PSS starts to control the DFIG stator reactive power 

after the crowbar is deactivated. 
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Figure 6.10  DFIG-GSC reactive power during STATCOM mode, and DFIG stator reactive power 

with and without PSS 

In a similar way to the reactive power, the terminal voltage of the wind farm 

with PSS is more variable, as shown in Figure 6.11. This variation also occurs after 

the crowbar is deactivated. However, this variation is limited and is effectively 

damped in a short time.  

 

Figure 6.11  DFIG terminal voltage for cases 3 and 5.   
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As the PSS is attached to the reactive power control loop, the difference between 

case 3 and 5 is the only reactive power that is produced by the generator. The active 

power is similar for both cases (with and without PSS) as shown in Figure 6.12.  

 

Figure 6.12  DFIG active power for cases 3 and 5.  

The transient stability results indicate that DFIG based wind farms can damp 

rotor angle oscillation effectively by using a PSS attached to the DFIG-RSC reactive 

power control loop. Moreover, the transient stability results indicate that the DFIG-

GSC control strategy can be used on the same DFIG based wind farm that is fitted 

with PSS to improve transient stability of the power system. 

6.3 Using IEEE 39-bus Test System to Evaluate Rotor Angle 

Stability using the Proposed Approaches 

To investigate the effect of DFIG based wind farm on multi machines power 

system rotor angle stability, two DFIG based wind farms are connected to the IEEE 

39-bus test system, which is also known as New England 10-machine test system. 

The test system has been described previously in Chapter 4 and its full static, and 

dynamic data can be found in [158]. In this section, four different cases are analysed 

by small signal and transient stability to show the impact of DFIG on power systems 
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rotor angle stability and how the disturbance can be mitigated by the proposed 

control strategies. The description of each case is as following:  

 Case 1: SG case; this is a base case in which all generators are conventional 

SGs where every generator is equipped with TGOV1 turbine governor, IEEE 

type 1 exciter. However, only SGs G5, G7, G9 are equipped with (STAB1) 

PSS.  

 Case 2: SGs G7 and G9 in case 1, which are equipped with PSS, are replaced 

by equivalent DFIG1 and DFIG2 wind farms respectively. These two wind 

farms are controlling their terminal voltage (the reactive power is controlled 

to achieve a specified voltage value at the terminal bus). Each wind farm was 

aggregated from several 5 MW wind turbines to achieve an equivalent 

generated power of the replaced generator.  The generated power from the 

two wind farms is accounted for 22.6% of the total consumed power of the 

test system. 

 Case 3: STATCOM control mode; the use of DFIG-GSC as STATCOM 

control strategy, as explained in Chapter 5, will be investigated in this case. 

 Case 4: DFIG-PSS case; each DFIG will be equipped with the proposed PSS, 

as explained in Chapter 5. 

6.3.1 Small signal Stability Analysis 

A detailed small signal stability study on the test system was conducted for each 

case. The whole system eigenvalues for each case are shown in Figure 6.13. It can be 

seen that the system is stable for all cases as there are no modes in the right-hand side 

of the complex plane. However, there are four critical eigenvalues with damping 

factor less than 5%.   

 

 

 



Chapter 6: Enhancement of Rotor Angle Stability by Utilising the DFIG Reactive 

Power using the Proposed Approaches 

 

164 

 

 

Figure 6.13  Overview of the complex plane with the test system eigenvalues for cases 1, 2 and4 

In the first case, there are two critical modes with damping factor of less than 

5%.  These two critical modes (-0.151± j 6.83) and (-0.264± j 6.16) are dominated by 

synchronous machines G03 and G02 respectively as shown in Table 6.3. The 

numbers of oscillatory modes with damping factors of less than 10% are increased in 

case 2 as compared to case 1. This indicates that replacing synchronous machines 

equipped with PSS by equivalent DFIG based wind farm degrade the small signal 

stability of the power system. However, this can be mitigated by the proposed DFIG 

PSS as presented in case 4. There are just three oscillatory modes in case 4 with 

damping factors of less than 10%, and none of them has a damping factor of less than 

5%. The critical oscillatory mode (-0.149± j6.85) with damping factor of 2.2% in 

case 2 moved toward the stable region by the proposed PSS. The new position of the 

oscillatory mode is (-0.445 ± j6.63) with damping factor of 6.7%, and it is still 

dominated by the SG G3. The other critical oscillatory mode (-0.19± j3.89) with 

damping factor of 4.9% in case 2 is damped out in case 4. Moreover, the mode that 

dominated by SG G6 is damped out by DFIG1 PSS. The other two modes dominated 

by SGs G4 and G8, which have a damping factor of 6.6% and 9% respectively, are 

unaffected by the damping torque of the two wind farms.    



Chapter 6: Enhancement of Rotor Angle Stability by Utilising the DFIG Reactive 

Power using the Proposed Approaches 

 

165 

 

Small signal stability results indicate that replacing large-scale SGs equipped 

with PSSs by an equivalent DFIG based wind farms can have a negative impact on 

the damping of power system oscillations. However, these impacts can be mitigated 

by the equipping the DFIG based wind farm with the proposed PSS to damp power 

system oscillations. Although the installed wind farms are not synchronously coupled 

to the test system, they can provide a damping effect if they are equipped with PSSs 

as shown in case 4. In this case, the system is much more stable than all previous 

cases and in which no damping factor less than 6.7% is observed.  

Table 6.3   Main electromechanical modes of case 1 (SG case), case 2 (G7 and G9 are replaced by 

DFIG based wind farms), case 4 (the DFIG is equipped with the proposed PSS). 

Case 
Eigenvalue 

λ = σ + jω (p.u.) 

Damping 

Factor ζ (%) 

Frequency     

f (Hz) 

Dominant 

Machine 

1 

-0.151± j 6.83 2.2 1.086 G03 

-0.264± j 6.16 4.3 0.98 G02 

-0.654 ±j 7.53 8.7 1.199 G04 

-0.683 ± j7.99 8.5 1.272 G08 

2 

-0.149± j6.85 2.2 1.091 G03 

-0.19± j3.89 4.9 0.619 G01 

-0.354± j6.22 5.7 0.99 G02 

-0.52± j7.821 6.6 1.245 G04 

-0.625± j6.87 9.1 1.094 G06 

-0.717± j7.93 9 1.262 G08 

4 

-0.445 ± j6.63 6.7 1.056 G03 

-0.519 ± j7.82 6.6 1.244 G04 

-0.722 ± j7.98 9.0 1.271 G08 

 

 

The selected location of the PSS used for SGs is based on participation factor 

[91, 179-181] for each generator except G1, which is the equivalent external 

generator. Moreover, the parameters of the PSS used in the SGs and the two DFIG 
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based wind farms are designed according to the method described in Chapter 5, and 

its parameters are given in the following table: 

Table 6.4  PSS parameters used for SGs and DFIG based wind farms 

Synchronous generators PSS DFIG based wind farms PSS 

 K T1=T3 T2=T4  K T1=T3 T2=T4 

G5 18 0.4757 0.1535 DFIG1 120 0.1599 0.1325 

G7 38 0.3814 0.1851 DFIG2 140 0.3179 0.2106 

G9 22 0.3533 0.0901     

 

6.3.2 Transient Stability Analysis 

To evaluate the effectiveness of the damping controller and the proposed 

STATCOM mode in a large multi-machines power system, the four cases are 

simulated by a nonlinear simulation.  To conduct transient stability analysis, the 

system has to be exposed to a large disturbance such as a three-phase short circuit 

fault. The location of the disturbance is chosen to be near the most critical busbar in 

the test system, which is the bus 16. A 150 ms three-phase to ground permanent fault 

is applied at t = 0.1 s near critical bus 16 on transmission line 16–24. The fault was 

cleared by opening switches on both sides of the faulted line simultaneously. 

The rotor angles of each synchronous machine relative to the angle of largest 

synchronous machine G1, which is taken as a reference angle, are monitored. 

Figure 6.14 shows the rotor angles of G2 to G10 with respect to that of G1 for the 

first case where all generators are synchronous machines and G5, G7, and G9 are 

equipped with PSS. It is clear that the system is stable, and the system oscillations 

are damped out in less than 8 s.  
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Figure 6.14  Rotor angles of all SGs for case 1 (G5, G7, G9 are equipped with PSS). 

However, the rotor angle stability of the test system is affected adversely as a 

result of replacing conventional SGs G7 and G9, which are both equipped with PSSs, 

by an equivalent DFIG based wind farms as shown in Figure 6.15. Although the 

system is still stable in case 2, the oscillations of synchronous machines rotor angles 

last much longer than those oscillations in case 1. This is due to a lack of damping 

torque provided by the replaced PSSs.  Moreover, some machines have larger rotor 

angle magnitude than that in the first case. These results are similar to those obtained 

previously in the small signal stability analysis. 
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Figure 6.15  Rotor angles of each generator for case 2 (G7, G9 are replaced by equivalent DFIGs). 

The evaluate the use of DFIG-GSC as STATCOM control strategy, GSC of the 

two DFIG is modelled to provide a reactive power support when the crowbar is 

enabled as explained in Chapter 5. Figure 6.16 presents the rotor angle of all 

generators when STATCOM mode is used. The magnitudes of the rotor angles, in 

this case, are slightly lower when they are compared to those in Figure 6.15 (case 2). 

Smaller rotor angle deviations of all SGs have been gained in the case of STATCOM 

mode as a result of the injected reactive power from DFIGs-GSC. From Figure 6.15 

and Figure 6.16, the generator that has the largest rotor angle magnitude in the case 3 

(with STATCOM mode) has a similar magnitude in case 1 (SGs case).  

Table 6.5 shows the transient stability index for each case. It is clear that the 

transient stability of the test system degraded when two of the SGs are replaced by 

equivalent wind farms. The transient stability index is decreased from 47.84 in case 1 

to 45.89 in case 2.  However, replacing a SG by DFIG based wind farm equipped 

with STATCOM mode has no negative impacts on the transient stability of the test 

system. The transient stability index improved in case 3 to reach 47.24, which is 

comparable to the base case.   
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Figure 6.16  Rotor angles of all generators for case 3 (STATCOM mode). 

 

Table 6.5  Transient stability index of cases 1-3 

TSI Case 1 Case 2 Case 3 

  47.84 45.89 47.24 

 

Figure 6.17 shows the amount of reactive power that can be delivered from the 

wind farms during STATCOM mode. In the case of normal operation, (the crowbar 

is deactivated), the amount of reactive power produced by GSC is almost zero. 

However, in this case of a disturbance, GSC of both wind farms provides reactive 

power support during and after the fault when the DFIG crowbar is still active.  

Approximately 140 MVAr is produced from the first wind farm (DFIG1) while the 

second wind farm (DFIG2) produced about 230 MVAr.  
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Figure 6.17  Reactive power of DFIG1 and 2 GSC during STATCOM mode. 

The use of STATCOM mode can be combined with the use of the proposed PSS 

to damp power system oscillations as shown in Figure 6.18. It is noticeable that the 

test system can reach steady state in a short time by equipping the two wind farms 

with the proposed PSS. The time domain simulation clearly shows that the oscillation 

is damped quickly and the rotor angle steady state value is reached in about 5s. This 

indicates that the tested DFIG-PSS is robust even in large power systems. 

 

Figure 6.18  Rotor angles of all generators for case 4 (Proposed PSS). 
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The transient stability results indicate that DFIG based wind farms equipped with 

PSS have the capability to improve rotor angle oscillations better than SGs. As can 

be seen from Figure 6.14 and Figure 6.18, the rotor angle of all SGs damped in case 

4 reached the steady state operation point faster than those in case 1. Moreover, the 

magnitudes of the SGs rotor angles in case 4 are slightly lower than that in case 1.  

Once again, the stability index is improved from 45.89 in case 2 to reach 48.15 

in case 4 as illustrated in Table 6.6. The degree of stability reached when the DFIG 

wind farm equipped with both STATCOM mode and PSS is better than the base case 

when all generators are conventional SGs.  

Table 6.6  Transient stability index of cases 1-4 

TSI Case 1 Case 2 Case 3 Case 4 

  47.84 45.89 47.24 48.15 

 

The PSS output signal that is attached to the reactive power control loop of the 

DFIG is shown in Figure 6.19. During rotor angle oscillations, the frequency 

deviation at the terminal bus of each wind farm is passed through the PSS blocks to 

form the output signal. As the location of the fault is electrically closer to DFIG1 

than DFIG2, the output signals are slightly different. The PSS output signal of both 

wind farms goes to zero when the rotor angle oscillations reach new steady-state 

point.    
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Figure 6.19 The output signals of PSS1 at DFIG1 wind farm and PSS2 at DFIG2 wind farm 

Since PSS output signal is connected to the reactive power loop, the PSS output 

signal will alter only the DFIG reactive power to damp rotor angle oscillations.  The 

two wind farms reactive power variations, when the proposed PSS is used with and 

without STATCOM mode, is shown in Figure 6.20. Both wind farms were producing 

about 50 MVAr prior the disturbance to maintain their terminal voltage at predefined 

values.  During the disturbance, approximately 150 MVAr and 200 MVAr are 

absorbed by DFIG1 and DFIG2 respectively. However, this amount of absorbed 

reactive power can be reduced by using the DFIG-GSC as STATCOM. When the 

STATCOM mode is used 50 MVAr and 90 MVAr are absorbed by DFIG1 and 

DFIG2 respectively. After the crowbar protection is deactivated, the PSS is activated 

to damp the rotor angle oscillations leading to reactive power variation. The reactive 

power fluctuations reached a steady state point in a similar time to the PSS signals, 

which are damped out in about 6s.   

The available DFIG reactive power can be utilised by proposed control strategy 

to improve rotor angle stability. DFIG based wind farms equipped with PSS can use 

STATCOM mode to improve system transient stability. The DFIG-GSC provides a 

reactive power support during the time when DFIG crowbar is active only. 

Conversely, the PSS starts to control the DFIG stator reactive power after the 

crowbar is deactivated. 
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Figure 6.20  Reactive power of DFIG 1 and 2 when the proposed PSS is used with and without 

STATCOM mode. 

The produced reactive power by the DFIG-GSC helps to improve the terminal 

voltage of the wind farm when the STATCOM mode is used as shown in 

Figure 6.21. The DFIG1 wind farm terminal voltage is improved from 0.20 p.u. to 

0.28 p.u. with STATCOM mode during the fault and from 0.65 p.u. to 0.80 p.u. after 

the fault when the crowbar is still on as shown in Figure 6.21. Moreover, the terminal 

voltage of DFIG2 wind farm is increased from 0.29 p.u. to 0.42 p.u. with STATCOM 

mode during the fault and from 0.63 p.u. to 0.84 p.u. after the fault when the crowbar 

is still on. After the crowbar is deactivated, the terminal voltages of both wind farms 

fluctuate between 0.9 p.u. and 1.1 p.u. as a result of reactive power variations. The 

voltages at DFIG1 and DFIG2 become stable after 6 s when all rotor angle 

oscillations are damped out.      
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Figure 6.21  Terminal voltage of wind farms DFIG 1 and DFIG2 when the proposed PSS is used with 

and without STATCOM mode. 

6.4 Evaluating the Proposed Approach under a Wide Range of 

Operating Conditions 

As wind power is stochastic and fluctuates with the variation of wind speed, the 

capability of a wind farm to damp power system oscillations may be reduced. 

Therefore, the proposed conventional fixed parameters PSS should have the 

capability to damp power oscillations effectively under non-uniform variable wind 

speeds across the wind farm. In this Section, the feasibility of the proposed fixed 

parameters PSS is evaluated using IEEE 39-bus test system taking into account the 

non-uniform and variable wind speed profiles. 

To investigate the capability of the proposed approach to damp power system 

oscillations, two large-scale DFIG wind farms equipped with the proposed PSS and 

STATCOM mode are installed in the test system to replace the two large 

synchronous machines G7 and G9 respectively.  

The most used aggregation method assumes that all wind turbines within the 

wind farm are receiving the same wind speed and thus operating at the same 

operating point to produce the same power. However, in practice, powers produced 

by wind turbines are different depending on wind speed variation and their location 
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inside the wind farm due to the wake effect. Hence, a multi-machine equivalent 

method is used in this Section, and it is more accurate when the turbines within the 

wind farm are facing different wind speeds [127]. 

Each wind farm is represented by three DFIG based wind turbines as shown in 

Figure 6.22.  The three DFIG base wind turbines in each wind farm are operating at 

different operating points, which are defined in 

Table 6.7. Moreover, each wind farm is exposed to a short-term wind speed 

variation which is a measured wind speed obtained by [17] from wind turbine 

manufacturers. Figure 6.23 shows the wind speed patterns for each wind turbine in 

both wind farms.  

 

Figure 6.22  Single line diagram of the IEEE 39-bus test system with two wind farms each represented 

by three DFIG wind turbines. 

 



Chapter 6: Enhancement of Rotor Angle Stability by Utilising the DFIG Reactive 

Power using the Proposed Approaches 

 

176 

 

 

Table 6.7  Different modes of operation for each wind turbine in the two wind farms 

Wind 

Farm 
Turbine Operation Mode Wind Pattern 

Stator 

Power 

(MW) 

Rotor 

Power 

(MW) 

Total 

Power 

(MW) 

1 

DFIG1 
Super- 

synchronous 
Figure 6.23-a 240 36 276 

DFIG2 Normal Figure 6.23-a 167 -2 165 

DFIG3 Sub- synchronous Figure 6.23-a 139 -21 118 

2 

DFIG4 
Super- 

synchronous 
Figure 6.23-b 350 53 403 

DFIG5 Normal Figure 6.23-b 245 3 248 

DFIG6 Sub- synchronous Figure 6.23-b 206 -31 175 

 

 

Figure 6.23  (a) wind speed patterns for each wind turbine in wind farms 1, (b) wind speed patterns for 

each wind turbine in wind farms 2 

In a similar way to Section 6.3, four different cases are analysed by small signal 

and transient stability to evaluate the effect of the proposed strategy on power 

systems rotor angle stability when the three DFIG base wind turbines in each wind 

farm are operating at different operating points. The description of each case is as 

following:   

(a) (b) 
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 Case 1: SG case; this is a base case in which all generators are conventional 

SGs where every generator is equipped with TGOV1 turbine governor, IEEE 

type 1 exciter. However, only SGs G5, G7, G9 are equipped with (STAB1) 

PSS.  

 Case 2: SGs G7 and G9, which are equipped with PSS, are replaced by two 

equivalent wind farms. Wind farm 1 consists of three (DFIG1, DFIG2, and 

DFIG3) wind turbines operating according to  

 Table 6.7 and Figure 6.23. The second wind farm consists of three (DFIG4, 

DFIG5, and DFIG7) wind turbines operating according to  

 Table 6.7 and Figure 6.23. The two wind farms are controlling their terminal 

voltage.  

 Case 3: STATCOM control mode; the use of DFIG-GSC as STATCOM 

control strategy in each wind turbine in case 2. 

 Case 4: DFIG-PSS case; each DFIG will be equipped with the proposed PSS 

with the same parameters used in Section 6.3. 

6.4.1 Small signal stability analysis 

The small signal stability results for each case are shown in 

Table 6.8. It is interesting to note that in this case representing the whole wind 

farm as a single aggregated DFIG has a similar impact on power system small signal 

stability as that of representing the wind farm as three aggregated DFIGs operating at 

different modes. 

In the second case, there are 6 modes with a damping factor of less than 10%. The 

dominant machine and frequency of each oscillatory mode are similar to the results 

obtained when each wind farm is represented by a single equivalent DFIG wind 

turbine.  There are three modes in case 4 which have a similar frequency and are 

dominated by the same machine to that when the wind farm is represented by a 

single turbine. However, the damping factors of the two modes are slightly different. 



Chapter 6: Enhancement of Rotor Angle Stability by Utilising the DFIG Reactive 

Power using the Proposed Approaches 

 

178 

 

 

Table 6.8  Main electromechanical modes of case 1and 3. 

Case 
Eigenvalue 

λ = σ + jω (p.u.) 

Damping 

Factor ζ (%) 

Frequency     

f (Hz) 

Dominant 

Machine 

1 

-0.151± j 6.83 2.2 1.086 G03 

-0.264± j 6.16 4.3 0.98 G02 

-0.654 ±j 7.53 8.7 1.199 G04 

-0.683 ± j7.99 8.5 1.272 G08 

2 

-0.145 ± j687 2.1 1.093 G03 

-0.198 ± j3.89 5.1 0.619 G01 

-0.345 ± j6.22 5.5 0.99 G02 

-0.521 ± j7.82 6.6 1.245 G04 

-0.628 ± j6.87 9.1 1.094 G06 

-0.716 ± j7.93 9 1.262 G08 

4 

-0.527 ± j7.81 6.7 1.244 G04 

-0.538 ± j6.60 8.1 1.051 G03 

-0.611 ± j7.98 7.6 1.27 G08 

 

6.4.2 Transient Stability Analysis 

To evaluate the effectiveness of the proposed control strategy under non-uniform and 

variable wind speeds across the wind farm and compare the obtained results to those 

previously obtained, the system is exposed to the same disturbance in the previous 

Section. A 150 ms three-phase to ground permanent fault is applied at t = 0.1 s near 

critical bus 16 on transmission line 16–24. The fault was cleared by opening switches 

on both sides of the faulted line simultaneously. 

The rotor angles of SGs after G7 and G9 are replaced by two equivalent wind farms 

each represented by three DFIG wind turbines (case 2) are shown in Figure 6.24. The 

oscillations, in this case, are very similar to the results obtained previously when the 

whole wind farm is represented by a single DFIG wind turbine. Therefore, 
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representing the wind farm as a single machine has a similar impact on the rotor 

angle of synchronous machines to representing the wind farm as three separate 

machines operating at different modes. These results are similar to those obtained in 

the small signal stability analysis. 

 

Figure 6.24  SGs rotor angles for case 2  

However, when the STATCOM mode is used (case 3) as shown in Figure 6.25, 

the magnitudes of synchronous machines rotor angles are lower when they are 

compared to those obtained when the wind farm represented by a single equivalent 

turbine. Smaller rotor angle deviations of all synchronous machines have been 

gained in the case of representing the wind farm as three separate wind turbines. This 

is a result of more reactive power being injected from DFIGs-GSC than that injected 

in the case of representing the wind farm as a single equivalent wind turbine.  
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Figure 6.25 SGs rotor angles for case 3 

Figure 6.26 show synchronous machines rotor angle oscillations for case 4 (each 

wind turbine equipped with the proposed PSS and STATCOM mode). It is noticeable 

that the proposed control strategy is very effective under non-uniform variable wind 

speeds across the wind farm. The time domain simulation clearly shows that the test 

system can reach steady state in short time, less than 5s, by equipping each wind 

turbine with the proposed PSS.  

 

Figure 6.26 SGs rotor angles for case 4 
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The transient stability index for all cases is shown in Table 6.9. The transient 

stability index improved from 45.73 in case 2 to reach 49.06 in case 3. The 

maximum degree of stability is reached when the DFIG wind farm equipped with 

STATCOM mode and PSS. The degree of stability, in this case, is better than the 

base case when all generators are conventional SGs. Although the transient stability 

index is not affected by the wind farm representation in case 2, the transient stability 

index in case 3 is different. A higher index is obtained when the wind farm 

represented by three separate wind turbine operating at different operation modes. 

This is as a result of a higher amount of reactive power being injected, in the case of 

three wind turbine representation, by the STATCOM mode during the time when the 

crowbar is active.      

Table 6.9  Transient stability index of cases 1-4 compared to resulted obtained when each wind farm 

represented as a single equivalent wind turbine 

TSI Wind farm representation Case 1 Case 2 Case 3 Case 4 

  

Single wind turbine with uniform 

fixed wind speed across the wind 

farm 

47.84 45.89 47.24 48.15 

Three wind turbines with non-

uniform variable wind speeds across 

the wind farm  

47.84 45.73 49.06 49.69 

 

The two wind farms reactive power variations, when the proposed PSS is used 

with and without STATCOM mode, is shown in Figure 6.27. Both wind farms were 

producing 50MVAr prior the disturbance to maintain their terminal voltage at 

predefined values. During the disturbance, 60 MVAr is produced by the GSC of each 

wind turbine (STATCOM mode) in wind farm 1. This amount of produced reactive 

power helps to reduce the absorbed reactive power and hence improves the terminal 

voltage of wind farm 1. The voltage of first wind farm improved from 0.2 p.u. 

(without STATCOM mode) to 0.29 p.u. (with STATCOM mode) as shown in 

Figure 6.28.   
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Since the produce reactive power helps to improve the voltage across the system, 

the crowbar system in the second wind farm has not been activated. There is no high 

rotor current detected by the crowbar system as the terminal voltage did not drop 

under 0.9 p.u. In this case, wind farm 2 did not lose the control over active and 

reactive power. Therefore, the three wind turbines (DFIG 4, 5 and 6) produce 750 

MVAr during the disturbance, as shown in Figure 6.27, to support the terminal 

voltage of the wind farm.     

After the crowbar protection is deactivated, the PSS is activated to damp the 

rotor angle oscillations leading to reactive power variation. The variation of the 

reactive power in the case of with and without STATCOM mode is similar as the 

GSC is providing reactive power only during a disturbance when the crowbar system 

is active.   

 

Figure 6.27  Reactive power of the two wind farms for case 4 with and without STATCOM mode. 
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Figure 6.28  Terminal voltages of the two wind farms for case 4 with and without STATCOM mode.   

6.5 Summary 

The studies of this chapter have investigated the impacts of DFIG base wind 

farms on rotor angle stability of power systems. An existing SG in IEEE 9-bus test 

system is replaced by an equivalent DFIG based wind farm to show the impacts of 

replacing SGs by equivalent DFIG based wind farms on rotor angle stability. The 

obtained results show that SGs rotor angles can be affected if a conventional SG is 

replaced by an equivalent wind farm. The transient stability of the test system is 

reduced when the DFIG replaces the existing SG as a result of lack of reactive power 

support from the DFIG during the disturbance. However, this can be mitigated by 

using the proposed control approach of STATCOM mode for reactive power support. 

The results also show that DFIG wind turbines have no contribution to the power 

system oscillation; however, the implementation of the proposed PSS within the 

reactive power control loop of the wind farm helps to damp the oscillation 

effectively. 

Studies on the impact of high penetration of DFIG wind power on the rotor angle 

stability of large system are also carried out in this chapter. Two large-scale SGs in 

IEEE 39-bus test system is replaced by an equivalent DFIG based wind farms to 

show the impacts of replacing large-scale SGs by equivalent DFIG based wind farms 

on rotor angle stability. The results of the large system enhanced the results obtained 
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in the previous test system. The proposed control approaches for DFIG wind turbines 

can mitigate the impacts of high penetration of wind power on power systems rotor 

angle stability. Moreover, it is interesting to observe that replacing a SG fitted out 

with PSS by an equivalent DFIG based wind farm equipped with the proposed 

control strategies has no negative impacts on the power system rotor angle stability. 

The power system oscillations are damped out more quickly by the DFIG proposed 

PSSs when compared to those in conventional SGs.      

Additionally, the simulation results show that the proposed fixed parameters 

DFIG PSS can damp power system oscillations under a wide range of operating 

conditions of the wind farm and under various wind speeds. Therefore, a farm level 

PSS is possible by applying the same PSS signal to the reactive power control loop 

of all DFIG wind turbines.  
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                          Chapter 7

Conclusions and Future Work 

7.1 Conclusions 

This thesis has thoroughly evaluated the impacts of increased penetration levels 

of DFIG based wind turbines on rotor angle stability of power systems and how these 

impacts could be mitigated. In completing this research, a novel cost-effective 

control approach is developed to lessen the impacts of DFIG on the rotor angle 

stability through a more creative use of the existing DFIG equipment’s (utilised 

DFIG-GSC as STATCOM and the designed PSS). The results show that the 

developed PSS has the capability to damp power oscillations effectively under 

variable operating conditions.   

The proposed control approach is both important and relevant for power system 

operators. As wind power penetration into power systems increases, additional 

integration considerations are needed, and the most important considerations are fault 

ride through capability, damping of power oscillations and voltage support 

capabilities during network disturbances. Therefore, it is important to exploit the fast 

controllability of DFIG wind turbines in order to improve the stability of power 

systems, as well as carefully assessing any designed controllers to ensure that they 

perform satisfactorily across all system conditions. As the level of wind penetration 
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is increased, the benefit of such control scheme is that the DFIG-based wind turbines 

are able to take over the SGs responsibility to support power system stability.  

The thesis began by presenting the development of wind power generation and 

wind turbine generator types concentrating on the relevant technologies in use today. 

The aim was to put forward an understanding of the dramatic increase of wind power 

integration and developments of wind power around the world. The main reasons 

behind the rapid growth of wind power integration are environmental and economic 

issues that are normally associated with fossil fuels [67]. A detailed discussion was 

presented on present wind generation and potential status globally. The integration of 

wind power has grown significantly from 17.4 GW in 2000 to more than 432 GW in 

2015 and may reach 712 GW by 2020 [10, 14]. The integration of wind power is 

expected to continue as more countries have implemented encouraging policies to 

speed up the wind power development. Moreover, this thesis has presented a detailed 

analysis of different wind turbine technologies in use, their main components, and 

their advantages and disadvantages. The requirements for wind power integration 

such as frequency and voltage tolerance, reactive power and voltage control 

capability, frequency regulation and fault ride-through capabilities are also presented 

along with future technical requirements that may include inertial response and 

power system stabiliser. These special requirements are set for wind power 

integration to avoid any potential negative impacts that wind power may has on the 

operation and stability of power systems.  

This thesis has also presented the modelling of the various components of a 

power system with emphasis on DFIG based wind turbines with the help of 

mathematical equations and diagrams. A dynamic model of commercial DFIG wind 

turbines is developed in this thesis to investigate the effect of DFIG wind turbines on 

power system rotor angle stability and to design an appropriate controller to mitigate 

these impacts [39, 182]. The model describes operational and mathematical 

equations of DFIG various subsystems, mainly wind turbine rotor aerodynamic 

model, a mechanical model, induction generator model, power converters model and 

associated control systems model, crowbar system and aggregated DFIG wind farm 
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model. In addition, operating range of DFIG wind turbines, characteristics, and the 

maximum power tracking curve for various wind speeds have also been discussed. 

Throughout the thesis, a detailed model of power system components, including 

DFIG wind turbines has provided a clear understanding of the impacts of high 

penetration of wind power on power system rotor angle stability especially when 

DFIG based wind farms are used to replace conventional SGs [39]. 

In this thesis, the impacts of increased penetration of wind generation on power 

system rotor angle stability have been examined carefully. The increased penetration 

of wind power indeed affects the stability of power system, as the dynamic 

characteristics of wind turbines are different from those of the SGs [42]. Moreover, 

the effects of wind generation on rotor angle stability depend on the type of the 

installed wind turbine [134]. Small signal stability is likely to be improved by wind 

power installation, particularly with fixed speed wind turbines due to the damping 

effect of induction generators. However, power system transient stability is likely to 

be degraded with high penetration of wind power particularly fixed speed wind 

turbines. To show the impacts of replacing SG by equivalent DFIG based wind farms 

on rotor angle stability, two case studies were conducted on realistic power systems 

using time domain simulation [39, 183]. IEEE 9-bus and IEEE 39 bus test systems 

have been utilised to show the impact of high penetration of wind power on power 

system rotor angle stability. The wind farm rating is equivalent to the replaced SG 

and produces the same amount of power that is generated by the replaced SG. The 

test system is evaluated by small and transient stability analysis without and with 

wind power under the same operation conditions. The results obtained clearly show 

that replacing a SG by a DFIG based wind farm has a negative impact on the 

transient stability of the power system, and the degree of the impact would depend on 

the control strategy used within the DFIG-RSC. Replacing an existing SG by an 

equivalent wind farm controlling its terminal voltage has less impact on rotor angle 

stability of the power system than replacing it with an equivalent wind farm 

operating at a unity power factor. However, the impact on small signal stability 

depends on whether the replaced SG is fitted with PSS or not. The damping of power 
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system oscillations is reduced if a DFIG based wind farm replaced an equivalent 

conventional SG equipped with PSS [39, 183]. 

A novel control strategy has been reported in this thesis to mitigate the impacts 

of DFIG wind turbines on rotor angle stability due to increased penetration levels of 

DFIGs into existing power systems. A control strategy for both DFIG rotor side and 

the grid side converters are proposed to mitigate DFIGs impacts on the system rotor 

angle stability. DFIG-GSC is utilised as static synchronous compensator 

(STATCOM) to provide reactive power support during grid faults. Since the terminal 

voltage of DFIG based wind farm can be controlled by the DFIG-RSC during normal 

operation conditions, the STATCOM mode can provide a voltage support during 

transient periods when the crowbar is active. The results obtained show that the 

produced reactive power helps to improve the terminal voltage of the wind farm 

during the disturbance and hence resulting in better system stability [39].  

A PSS has been designed for reactive power control loop of DFIG-RSC. 

Although DFIGs are not synchronously coupled to the power systems, the damping 

of power system oscillations is reduced to some extent if a DFIG based wind farm 

replaced an equivalent conventional SG equipped with a PSS. This can be mitigated 

by equipping the DFIG wind turbines with the proposed PSS. This is a novel 

research into the use of DFIG reactive power to damp power system oscillations 

taking into account the influence of the crowbar system when the control of active 

and reactive power is lost, and a large amount of reactive power is absorbed. The 

PSS used in this thesis is based on conventional PSS, which has been used with SGs. 

This type of PSS is still preferred for its high robustness and a good performance 

which can be achieved with an easy tuning. Residual approach [169], which has been 

used for designing PSSs in SGs, is used in this thesis to design the DFIG-PSS. The 

obtained results show that the implementation of the proposed PSS within the 

reactive power control loop of the wind farm can influence the rotor angle of SGs 

and thus damp the power system oscillations effectively. The proposed PSS was 

validated further under a wide range of operation conditions to ensure it has the 

capability damp power oscillations effectively under non-uniform variable wind 
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speeds across the wind farm. The results confirm the robustness and stabilising effect 

against various operating modes and under various wind speeds [183]. Moreover, the 

results demonstrate clearly that DFIG based wind farms equipped with PSS can 

damp power system oscillations more effectively than SGs PSS. Furthermore, based 

on the obtained results, a farm level PSS is possible by applying the same PSS signal 

to reactive power control loop of all DFIG wind turbines within the wind farm. Such 

control scheme will be very beneficial as the levels of wind penetration are increased 

and to allow DFIG based wind farms take over SGs responsibility to damping power 

system oscillations. In addition, the obtained results show that DFIG based wind 

farms equipped with PSS can use STATCOM mode to improve system transient 

stability. The DFIG-GSC provides a reactive power support during the time when 

DFIG crowbar is active only. Conversely, the PSS starts to control the DFIG stator 

reactive power after the crowbar is deactivated.  

7.2 Future Work 

This thesis contributes to the impacts of high penetration of DFIG base wind 

turbines have on rotor angle stability of power systems and proposes a novel control 

strategy to lessen these impacts. The work presented within this thesis has fulfilled 

all of the research aims, which were initially defined. Nevertheless, there are a 

number of areas where this work could be extended in order to further develop the 

ideas and methods, which have been established. 

 The proposed control strategy that used within this thesis for mitigating the 

impacts of DFIG based wind turbines on system rotor angle stability was applied 

to IEEE 9-bus and IEEE 39-bus test systems. It would be worthwhile for utilities 

to apply the proposed method to actual networks and compare the results 

obtained with those presented in this thesis.  

 It would be useful to implement and validate the proposed control strategy with 

full-scale power converter wind turbines. As the GSC of Type IV wind turbines 

is designed for full rated power, more capacity is available to support the grid 

voltage and therefore better ride through capability during a typical grid faults 
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[17]. The grid-side converter of full-scale power converter wind turbines can be 

used as a STATCOM during fault [52]. Moreover, the proposed conventional 

power oscillation damping controller can be attached to the reactive power 

control loop of the Type IV wind turbines [184].  

 The developed methods can be extended to include HVDC systems and also 

photovoltaic systems [17]. Both HVDC and photovoltaic systems are using 

power converters, which can be used in a similar way to the Type IV wind 

turbines [182]. 

 In the present work, the PSS input signal and its parameters are obtained 

according to residual approach results. Other methods [185] could be used to 

design the PSS and compare the obtained results with those presented in this 

thesis. Moreover, other types of PSS such as proportional-integral and 

proportional- integral-derivative can be examined instead of the proposed PSS 

and compare the obtained results with those presented in this thesis. 

 It would be useful to investigate the use of STATCOM mode for both DFIG grid-

side converter and rotor-side converter. When DFIG crowbar system is activated, 

the rotor-side converter will be deactivated. The mechanism of using both DFIG-

RSC and GSC in parallel to provide more reactive power during grid 

disturbances could be examined. 

The author hopes that this list of suggestions for future work will inspire other 

researchers working in this area. 
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 Network Data  Appendix A:

This appendix will provide the data required in order to perform dynamic studies 

on the test systems used throughout this thesis.  

A.1 IEEE 9-Bus Test System Data 

Original data are taken from [178]. The system base is 100 MVA.  

A.1.1 Lines/Transformers 

The lines and transformers data for the network is presented in Table A.1. 

Table A.1  Line and transformers data for the IEEE 9-bus test system [178]. 

From Bus To Bus R (p.u.) X (p.u.) B (p.u.) 

1 4 0.0000 0.0576 0.0000 

4 6 0.0170 0.0920 0.1580 

6 9 0.0390 0.1700 0.3580 

9 3 0.0000 0.0586 0.0000 

9 8 0.0119 0.1008 0.2090 

8 7 0.0085 0.0720 0.1490 

7 2 0.0000 0.0625 0.0000 

7 5 0.0320 0.1610 0.3060 

5 4 0.0100 0.0850 0.1760 
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A.1.2 Power and Voltage Set points 

Data required to complete load flow is included in Table A.2; G01 connected to 

bus 1 is the slack.   

Table A.2  Load flow data for the IEEE 9-Bus test system [178].   

Bus Type 
Voltage 

(p.u.) 

Load            Generator 

MW MVAr MW MVAr Unit No 

1 PV 1.04 0.0 0.0 - - G01 

2 PV 1.025 0.0 0.0 163 - G02 

3 PV 1.025 0.0 0.0 85 - G03 

4 PQ - 0.0 0.0 0.0 0.0  

5 PQ - 125 50 0.0 0.0  

6 PQ - 90 30 0.0 0.0  

7 PQ - 0.0 0.0 0.0 0.0  

8 PQ - 100 35 0.0 0.0  

9 PQ - 0.0 0.0 0.0 0.0  

 

A.1.3 Generators 

The generator dynamic presented is given in Table A.3. 

Table A.3  Generator dynamic in p.u. data for the IEEE 9-bus test system [178]. 

Unit No G01 G02 G03 

H (s) 23.64 6.4 3.01 

xd 0.1460 0.8958 1.3125 

x'd 0.0608 0.1198 0.1813 

xq 0.0969 0.8645 1.2578 

x'q 0.0608 0.1198 0.1813 

T'do 8.96 6.0 5.89 

T'qo 0.3100 0.5350 0.6000 
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Figure A.1  Load flow results of IEEE 9-bus test system 

A.2 IEEE 39-Bus Test System Data 

All original data is adopted from [158]. The system base is 100 MVA. 

A.2.1 Lines and Transformers 

The lines and transformers data for the network is presented in Table A.4. 

Table A.4  Line and transformers data for the IEEE 39-bus test system [158]. 

                                Line Data Transformer Tap 

From Bus To Bus R (p.u.) X (p.u.) B (p.u.) Magnitude Angle 

1 2 0.0035 0.0411 0.6987 0.000 0.00 

1 39 0.0010 0.0250 0.7500 0.000 0.00 

Bus 7

u=102.6 %

Bus 4

u=102.6 %

Bus 5

u=99.6 %

Bus 6

u=101.3 %

Bus 8

u=101.6 %

Bus 1

u=104.0 %

Bus 3

u=102.5 %

Bus 2

u=102.5 %

G2

P=-163.0 MW

Q=-6.7 Mvar

T2

P=163.0 MW

Q=6.7 Mvar

P=-163.0 MW

Q=9.2 Mvar

L78

P=75.9 MW

Q=10.7 Mvar

L89

P=24.2 MW

Q=3.1 Mvar
T3

G3

P=-85.0 MW

Q=10.9 Mvar

P=85.0 MW

Q=-10.9 Mvar

P=-85.0 MW

Q=15.0 Mvar

Load C

P=100.0 MW

Q=35.0 Mvar

Load B

P=90.0 MW

Q=30.0 Mvar

Load A

P=125.0 MW

Q=50.0 Mvar

L69

P=60.8 MW

Q=-18.1 Mvar

L57

P=86.6 MW

Q=-8.4 Mvar

L46

P=30.5 MW

Q=16.5 Mvar

L45

P=40.9 MW

Q=22.9 Mvar

T1

P=-71.6 MW

Q=-23.9 Mvar

P=71.6 MW

Q=27.0 Mvar

G1

P=-71.6 MW

Q=-27.0 Mvar

Bus 9

u=103.2 %
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                                Line Data Transformer Tap 

From Bus To Bus R (p.u.) X (p.u.) B (p.u.) Magnitude Angle 

2 3 0.0013 0.0151 0.2572 0.000 0.00 

2 25 0.0070 0.0086 0.1460 0.000 0.00 

3 4 0.0013 0.0213 0.2214 0.000 0.00 

3 18 0.0011 0.0133 0.2138 0.000 0.00 

4 5 0.0008 0.0128 0.1342 0.000 0.00 

4 14 0.0008 0.0129 0.1382 0.000 0.00 

5 6 0.0002 0.0026 0.0434 0.000 0.00 

5 8 0.0008 0.0112 0.1476 0.000 0.00 

6 7 0.0006 0.0092 0.1130 0.000 0.00 

6 11 0.0007 0.0082 0.1389 0.000 0.00 

7 8 0.0004 0.0046 0.0780 0.000 0.00 

8 9 0.0023 0.0363 0.3804 0.000 0.00 

9 39 0.0010 0.0250 1.2000 0.000 0.00 

10 11 0.0004 0.0043 0.0729 0.000 0.00 

10 13 0.0004 0.0043 0.0729 0.000 0.00 

13 14 0.0009 0.0101 0.1723 0.000 0.00 

14 15 0.0018 0.0217 0.3660 0.000 0.00 

15 16 0.0009 0.0094 0.1710 0.000 0.00 

16 17 0.0007 0.0089 0.1342 0.000 0.00 

16 19 0.0016 0.0195 0.3040 0.000 0.00 

16 21 0.0008 0.0135 0.2548 0.000 0.00 

16 24 0.0003 0.0059 0.0680 0.000 0.00 

17 18 0.0007 0.0082 0.1319 0.000 0.00 

17 27 0.0013 0.0173 0.3216 0.000 0.00 

21 22 0.0008 0.0140 0.2565 0.000 0.00 

22 23 0.0006 0.0096 0.1846 0.000 0.00 

23 24 0.0022 0.0350 0.3610 0.000 0.00 

25 26 0.0032 0.0323 0.5130 0.000 0.00 

26 27 0.0014 0.0147 0.2396 0.000 0.00 
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                                Line Data Transformer Tap 

From Bus To Bus R (p.u.) X (p.u.) B (p.u.) Magnitude Angle 

26 28 0.0043 0.0474 0.7802 0.000 0.00 

26 29 0.0057 0.0625 1.0290 0.000 0.00 

28 29 0.0014 0.0151 0.2490 0.000 0.00 

12 11 0.0016 0.0435 0.0000 1.006 0.00 

12 13 0.0016 0.0435 0.0000 1.006 0.00 

6 31 0.0000 0.0250 0.0000 1.070 0.00 

10 32 0.0000 0.0200 0.0000 1.070 0.00 

19 33 0.0007 0.0142 0.0000 1.070 0.00 

20 34 0.0009 0.0180 0.0000 1.009 0.00 

 

A.2.2 Load Flow Data 

Data required to complete load flow is included in Table A.5; G02 connected to 

bus 31 is the slack.   

Table A.5  Load flow data for the IEEE 39-Bus test network [158]. 

Bus Type 
Voltage 

(p.u.) 

Load Generator 

MW MVAr MW MVAr Unit No 

1 PQ - 0.0 0.0 0.0 0.0  

2 PQ - 0.0 0.0 0.0 0.0  

3 PQ - 322.0 2.4 0.0 0.0  

4 PQ - 500.0 184.0 0.0 0.0  

5 PQ - 0.0 0.0 0.0 0.0  

6 PQ - 0.0 0.0 0.0 0.0  

7 PQ - 233.8 84.0 0.0 0.0  

8 PQ - 522.0 176.0 0.0 0.0  

9 PQ - 0.0 0.0 0.0 0.0  

10 PQ - 0.0 0.0 0.0 0.0  
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Bus Type 
Voltage 

(p.u.) 

Load Generator 

MW MVAr MW MVAr Unit No 

11 PQ - 0.0 0.0 0.0 0.0  

12 PQ - 7.5 88.0 0.0 0.0  

13 PQ - 0.0 0.0 0.0 0.0  

14 PQ - 0.0 0.0 0.0 0.0  

15 PQ - 320.0 153.0 0.0 0.0  

16 PQ - 329.0 32.3 0.0 0.0  

17 PQ - 0.0 0.0 0.0 0.0  

18 PQ - 158.0 30.0 0.0 0.0  

19 PQ - 0.0 0.0 0.0 0.0  

20 PQ - 628.0 103.0 0.0 0.0  

21 PQ - 274.0 115.0 0.0 0.0  

22 PQ - 0.0 0.0 0.0 0.0  

23 PQ - 247.5 84.6 0.0 0.0  

24 PQ - 308.6 -92.0 0.0 0.0  

25 PQ - 224.0 47.2 0.0 0.0  

26 PQ - 139.0 17.0 0.0 0.0  

27 PQ - 281.0 75.5 0.0 0.0  

28 PQ - 206.0 27.6 0.0 0.0  

29 PQ - 283.5 26.9 0.0 0.0  

30 PV 1.0475 0.0 0.0 250.0 - G10 

31 PV 0.9820 9.2 4.6 - - G02 

32 PV 0.9831 0.0 0.0 650.0 - G03 

33 PV 0.9972 0.0 0.0 632.0 - G04 

34 PV 1.0123 0.0 0.0 508.0 - G05 

35 PV 1.0493 0.0 0.0 650.0 - G06 

36 PV 1.0635 0.0 0.0 560.0 - G07 

37 PV 1.0278 0.0 0.0 540.0 - G08 

38 PV 1.0265 0.0 0.0 830.0 - G09 

39 PV 1.0300 1104.0 250.0 1000.0 - G01 
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A.2.3 Generators 

The generator dynamic presented is given in Table A.6. 

Table A.6  Generator dynamic data in p.u. for the IEEE 39-bus test system [158]. 

Unit No H (s) R x'd x'q xd xq T'do T'qo xl 

1 500.0 0 0.006 0.008 0.02 0.019 7.0 0.7 0.003 

2 30.3 0 0.0697 0.170 0.295 0.282 6.56 1.5 0.035 

3 35.8 0 0.0531 0.0876 0.2495 0.237 5.7 1.5 0.0304 

4 28.6 0 0.0436 0.166 0.262 0.258 5.69 1.5 0.0295 

5 26.0 0 0.132 0.166 0.67 0.62 5.4 0.44 0.054 

6 34.8 0 0.05 0.0814 0.254 0.241 7.3 0.4 0.0224 

7 26.4 0 0.049 0.186 0.295 0.292 5.66 1.5 0.0322 

8 24.3 0 0.057 0.0911 0.290 0.280 6.7 0.41 0.028 

9 34.5 0 0.057 0.0587 0.2106 0.205 4.79 1.96 0.0298 

10 42.0 0 0.031 0.008 0.1 0.069 10.2 0.0 0.0125 

 

Table A.7  Parameters of PSSs for IEEE 39-bus test system. 

SGs PSS 

 K T1=T3 (s) T2=T4 (s) 

G5 18 0.4757 0.1535 

G7 38 0.3814 0.1851 

G9 22 0.3533 0.0901 
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A.2.4 Load Flow Results 

 

 

Figure A.2  Load flow results of IEEE 39-bus test system. 

 

 

 

 

N30

u=104.75 %

N02

u=104.47 %

N25

u=105.34 %

N26

u=104.38 %

N28

u=104.33 %
N29

u=104.50 %

N27

u=102.99 %

N01

u=104.38 %

N18

u=102.47 %

N17

u=102.72 %

N24

u=103.23 %

N03

u=102.46 %

N16

u=102.66 %

N35

u=104.93 %

N15

u=100.98 % N21

u=102.75 %
N22

u=104.72 %

N39

u=103.00 %

N04

u=99.85 %

N14

u=100.65 %

N05

u=100.07 %

N06

u=100.33 %

N12

u=99.58 %

N19

u=104.78 %

N23

u=104.20 %

N07

u=99.23 %

N11

u=100.86 %

N13

u=101.00 %

N20

u=99.00 %

N08

u=99.12 %

N31

u=98.20 %

N10

u=101.33 %

N34

u=101.23 %
N33

u=99.72 %

N09

u=102.42 %

N32

u=98.31 %

P=-250.00 MW

Q=-168.79 Mvar

P=-540.00 MW

Q=-18.33 Mvar

P=-830.00 MW

Q=-54.46 Mvar

P=-650.00 MW

Q=-231.35 Mvar

P=-1000.00 MW

Q=-136.59 Mvar

P=-521.24 MW

Q=-214.35 Mvar

P=-650.00 MW

Q=-223.22 Mvar
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A.3 DFIG Wind Turbine Model Parameters 

A.3.1 DFIG Machine Parameters 

The DFIG machine parameters of the wind turbine used throughout this thesis 

are presented in Table A.8. 

Table A.8  DFIG machine parameters. 

Parameter Value 

Rated Power 5 MW 

Rated voltage 3.3 kV 

Rated frequency 50 Hz 

power factor  -0.9 ~ +0.9 

Pole pair number 2 

Stator winding reactance 0.125 p.u. 

Rotor winding reactance 0.05 p.u. 

Magnetizing inductance 2.5 p.u. 

Stator resistance 0.00299 p.u. 

Rotor resistance 0.004 p.u. 
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Figure A.3  DFIG based wind turbine. 

A.3.2 Mechanical Parameters of the Wind Turbine 

The mechanical parameters of the wind turbine are presented in Table A.9.  

Table A.9  Mechanical parameters of the wind turbine. 

Parameter Value 

Turbine rotor inertia 3.5 s 

Generator rotor inertia 0.5 s 

Turbine rotor self-damping 0.022 p.u. torgue/(rad/s) 

Generator rotor self-damping 0.032 p.u. torgue/(rad/s) 

Mutual damping between two mass 1.5 p.u. torgue/(rad/s) 
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A.3.3 DFIG Controller Parameters 

A.3.3.1 DFIG-RSC Controller Parameters 

The control parameters of DFIG-RSC is presented in Table A.10.  

Table A.10  DFIG-RSC controller parameters. 

 

Table A.11 Parameters of DFIG PSSs for IEEE 9-bus and IEEE 39-bus test systems. 

DFIGs PSS 

 K T1=T3 T2=T4 

IEEE 9-bus Test System 

DFIG1 170 0.06308 0.26497 

IEEE 39-bus Test System 

DFIG1 120 0.1599 0.1325 

DFIG2 140 0.3179 0.2106 

Parameter Value 

Time Constant of the First-stage Low-Pass Filter 0.001s 

Proportional Gain of the d-axis P Controller 1.0 p.u. 

Time Constant of the d-axis P Controller 0.1 s 

Proportional Gain of the q-axis Q Controller 1.0 p.u. 

Time Constant of the q-axis Q Controller 0.1 s 

Time Constant of the Second-stage Low-Pass Filter 0.0001s 

Proportional Gain of the d-axis Current Controller 0.2 p.u. 

Time Constant of the d-axis Current Controller 0.01 s 

Proportional Gain of the q-axis Current Controller 0.2 p.u. 

Time Constant of the q-axis Current Controller 0.01 s 
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Figure A.4  DFIG-RSC controller including PSS. 

 

A.3.3.2 DFIG-GSC Controller Parameters 

The control parameters of DFIG-GSC is presented in Table A.12. 

Table A.12  DFIG-GSC controller parameters. 

Parameter Value 

Proportional Gain of the d-axis Vdc Controller 5.0 p.u. 

Time Constant of the d-axis Vdc Controller 0.1 s 

Proportional Gain of the q-axis Q Controller 1 p.u. 

Time Constant of the q-axis Q Controller 0.1s 

Time Constant of the Second-stage Low-Pass Filter 0.0001s 

Proportional Gain of the d-axis Current Controller 1.0 p.u. 
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Parameter Value 

Time Constant of the d-axis Current Controller 0.015 s 

Proportional Gain of the q-axis Current Controller 3.0 p.u. 

Time Constant of the q-axis Current Controller 0.015 s 

 

 

Figure A.5  DFIG-GSC controller including STATCOM mode. 

A.3.3.3 Pitch Angle Controller Parameters  

The pitch controller parameters of DFIG base wind turbine is presented in   

Table A.13 

Table A.13  Parameters of pitch angle controller. 

Parameter Value 

Upper pitch angle rate limit 10 

Proportional gain of PI controller 150 

Integrator gain of PI controller 25 
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Parameter Value 

Proportional gain of the compensator 3 

Integrator gain of the compensator 30 

Blade response time constant 0.3 

Lower pitch angle limit 0 

Upper pitch angle limit 27 

 

 

Figure A.6  Pitch angle controller. 
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