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ABSTRACT 

Until recently it has been accepted that induction generator based wind turbines are disconnected 

from the power system in the event of a network disturbance. However, the increasing trend of 

connecting high penetrations of wind farms to transmission networks has resulted in the 

transmission system operators revising their grid codes for the connection of large MW capacity 

wind farms. The new grid codes require wind turbines to remain connected for a specified 

voltage disturbance on the network. Most of the wind generation plant being developed will use 

either fixed speed induction generator (FSIG) or doubly fed induction generator (DFIG) based 

wind turbines. The basics of using a doubly-fed induction generator (DFIG) to convert the 

mechanical energy of the wind into useful electrical power that can be used to supply electricity 

to any grid are presented. The ability of doubly fed induction generator based wind turbines to 

remain connected through power system disturbances is discussed. A crowbar protection system 

to provide a power system fault ride-through capability for doubly fed induction generator based 

wind turbines is also described. The dynamic behaviour ofDFIG wind turbines normal operation 

and during grid faults are simulated and assessed to verify the recommended method using a 

Matlab/Simulink developed model. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Energy from the sun, in the form of wind, plant matter, and heat and light, is renewable. 

Renewable energy offers a clean, cost effective alternative to fossil fuels and nuclear power. 

Producing power from these renewable sources can be far less environmentally damaging than 

conventional energy sources. Wind energy, more than any other renewable energy technology, is 

a proven, non-polluting renewable resource that is beginning, and will continue, to play an 

important role in meeting the rising energy demands. 

People have harnessed the wind throughout history to convert wind energy into useable energy. 

Less than 100 years ago, millions of small windmills provided an important source of power for 

rural homes. These machines powered water pumps and converted wind into electricity. 

Beginning in the 1930s, rural electrification programs began to extend the electrical grid into the 

countryside, replacing wind energy with electricity generated from fossil fuels and large 

hydroelectric projects. The once abundant wind machines that were a common feature of the 

rural landscape have largely disappeared from sight [3]. 

Today, however, new wind machines are beginning to appear on the landscape, as windy rural 

areas tap a unique opportunity to benefit from wind power. Modern wind turbine technology 

now makes it possible to generate cost-effective, clean, renewable electricity on a scale ranging 

from a single wind turbine for an individual landowner up to large, utility-scale wind farms. 

Declining costs and improving technology are quickly making electricity generated from wind 

energy competitive with all types of non-renewable fuels, like new coal-frred generation. The 

price of wind generated electricity has decreased ten times since the early 1980s, to the point that 

the American Wind Energy Association estimates that within three to four decades, wind power 

could realistically supply ten to twenty percent of developed countries need.[I,4] 
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Fig. 1-1 \Vorldwide wind energy capacity prediction, 2008 [3J. 

Since wind speed is not constant, a wind farm's annual energy production is never as much as 

the sum of the generator nameplate ratings multiplied by the total hours in a year. The ratio of 

actual productivity in a year to this theoretical maximum is called the capacity factor. Typical 

capacity factors are 20-40%, with values at the upper end ofthe range in particularly favourable 

sites. For example, a 1 MW turbine with a capacity factor of35% will not produce 8,760 MW· h 

in a year (l x 24 x 365), but only 1 x 0.35 x 24 x 365 = 3,066 MW· h, averaging to 0.35 MW. 

Unlike fuelled generating plants, the capacity factor is limited by the inherent properties of wind. 

Capacity factors of other types of power plant are based mostly on fuel cost, with a small amount 

of downtime for maintenance [1]. 

In Figure 1-1, the global wind energy council (GWEC) published that over the past ten years, 

global wind power capacity has continued to grow at an average cumulative rate of over 30%, 

and 2008 was another record year with more than 27 GW of new installations, bringing the total 

up to over 120 GW. The United States passed Germany to become the number one market in 

wind power, and China's total capacity doubled for the fourth year in a row [3]. 
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Unlike fuelled generating plants, the capacity factor is limited by the inherent properties of wind. 

Capacity factors of other types of power plant are based mostly on fuel cost, with a small amount 

of downtime for maintenance [1]. 

In Figure 1-1, the global wind energy council (GWEC) published that over the past ten years, 

global wind power capacity has continued to grow at an average cumulative rate of over 30%, 

and 2008 was another record year with more than 27 GW of new installations, bringing the total 

up to over 120 GW. The United States passed Germany to become the number one market in 

wind power, and China's total capacity doubled for the fourth year in a row [3]. 
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Across Canada, electricity generated from wind is powering almost one million homes and 

business in a clean, reliable and efficient manner. Canada ranks behind the United States and 

most European countries in wind energy installation. Despite a slower start, Canada is currently 

experiencing an annual 30% growth rate in wind energy development, a rate comparable to 

global development. \Vith Canada's unparalleled wind resource, there are still opportunities to do 

more to maximize the economic, industrial development, and environmental benefits associated 

with wind energy for Canada. Canada's current installed capacity is 3,426 MW [5]. A year 2009 

has been a record year for wind energy development in Canada with a new installed capacity of 

950MW. Also, wind development operating in every province for first time ever in 2009. 

The Canadian \Vind Energy Association's goal is 10,000 MW of installed wind energy in Canada 

by the end of year 2010, enough to supply 5% of Canada's electricity needs. Denmark currently 

generates over 20% of its power from the wind, an attainable goal for Canada. Ifwind energy 

were to generate 20% of Canada's electricity, it would be the second largest source of electricity 

behind hydro and ahead of nuclear, natural gas and coal. Recent growth in Canada owes much to 

federal and provincial policy measures that have enabled or encouraged wind energy 

development. It is crucial that the government creates a level playing field for wind energy so 

that it can compete with conventional energy [2]. 

1.2 Wind Energy Conversion Systems 

In this section, properties ofthe wind, which are interest to DFIG, will be discussed. The wind 

distribution which is used to determine the output power will be presented. Finally, the 

aerodynamic conversion system will be analyzed with mathematical formulation. 

Wind Energy Conversion Systems (WECS) convert the energy in moving air (the wind) to 

electrical energy. The basic idea is quite simple and has been around for centuries: the wind 

strikes some sort of set of blades mounted on a shaft that is free to rotate. The wind hitting the 

blades generates a force that turns the shaft, and this rotational kinetic energy may then be used 

for any of a number of purposes (historically, things like pumping water, moving a saw, or 

turning grain-grinding stones, to name a few). In a WECS, the rotating shaft turns an electric 

generator that converts the rotational kinetic energy to electric energy. 

3 



The major components of a typical wind energy conversion system include a wind turbine, 

generator, interconnection apparatus and control systems. Wind turbines can be classified into 

the vertical axis type and the horizontal axis type. Most modem wind turbines use a horizontal 

axis configuration with two or three blades, operating either down-wind or up-wind. A wind 

turbine can be designed for a constant speed or variable speed operation. Variable speed wind 

turbines can produce 8% to 15% more energy output as compared to their constant speed 

counterparts, however, they necessitate power electronic converters to provide a fixed frequency 

and fixed voltage power to their loads [6]. 

Power developed by the wind machine is mainly affected by wind speed, area swept by the rotor, 

density of air, rotational speed of the machine, radius of the rotor, number of blades, and total blade 

area. It is also affected by lift and drag characteristics of the blade profile. Some ofthe available 

power in the wind is converted by the rotor blades to mechanical power acting on the rotor shaft 

of the wind turbine. For steady-state calculations of the mechanical power from a wind turbine, 

the so called Cp (A, tn-curve can be used. The mechanical power Pmech can be determined as 

follows: 

II. = flrTr 

w 

(1.1) 

(1.2) 

Where Cp is the power coefficient, P is the pitch angle, A is the tip speed ratio, w is the wind 

speed, Oris the rotor speed (on the low-speed side of the gearbox), TT is the rotor-plane radius, p 

is the air density and AT is the area swept by the rotor. In Fig. 1.2, an example of a Cp (A,P)

curve and the shaft power as a function of the wind speed for rated rotor speed, i.e., a fixed-speed 

wind turbine, can be seen. 
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Fig. 1-3 The turbine power, the tip speed ratio lambda and the Cpo 

The turbine Cp curves are displayed in Figure 1-2. The turbine power, the tip speed ratio lambda 

and the Cp values are displayed in Figure 1-3 as function of wind speed. For a wind speed of 15 

mis, the turbine output power is 1 pu of its rated power, the pitch angle is 8.7 0 and the generator 

speed is 1.2 pu. 

The speed of the wind is variable in nature; at high speed it's necessary to limit the input power 

to the wind turbines, i.e., aerodynamic power control. There are three major ways of performing 

the aerodynamic power control, stall, pitch, or active stall control. In stall control the blades are 

designed to stall in high speeds and no pitch mechanism is required. However, pitch control is 

the most common controlling method of aerodynamic power generated by a turbine rotor of 
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The turbine Cp curves are displayed in Figure 1-2. The turbine power, the tip speed ratio lambda 

and the Cp values are displayed in Figure 1-3 as function of wind speed. For a wind speed of 15 

mis, the turbine output power is 1 pu of its rated power, the pitch angle is 8.7° and the generator 

speed is 1.2 pu. 

The speed of the wind is variable in nature; at high speed it's necessary to limit the input power 

to the wind turbines, i.e., aerodynamic power control. There are three major ways of performing 

the aerodynamic power control, stall, pitch, or active stall control. In stall control the blades are 

designed to stall in high speeds and no pitch mechanism is required. However, pitch control is 

the most cornmon controlling method of aerodynamic power generated by a turbine rotor of 
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modern and large wind turbines. Almost all variable-speed wind turbines use pitch control. 

Below the rated wind speed, the turbine should produce as much power as possible using a pitch 

angle that maximizes the energy capture. Above the rated wind speed, the pitch angle is 

controlled in such a way that the aerodynamic power is at its rated. In order to limit the 

aerodynamic power, at high wind speeds, the pitch angle is controlled to decrease the angle of 

attack. The angle of attack is the angle between the chord line of the blade and the relative wind 

direction. It's also possible to increase the angle of attack towards stall in order to limit the 

aerodynamic power [6]. 

As the number of wind installations has grown worldwide at unprecedented rates in recent years; 

as well, the average size of the installations has increased due to the advent oflarger capacity 

machine, variable speed technology, and an increasing number of off-shore sites. This raises the 

concern that widespread tripping of wind generators following disturbances that could lead to 

propagation of transient instabilities and could potentially cause local or system wide blackouts. 

This has provoked many utilities to adopt low voltage ride-through (LVRT) for wind turbines. 

The requirement places an added interconnection cost on the manufacturer and will influence the 

overall fmancing of the project. 

1.3 Low Voltage Ride Through (LVRT) 

According to the new grid codes, instead of disconnection, the wind generators have to support 

the network during the power disturbances in the network. Therefore, it is necessary to carry out 

accurate transient simulations in order to understand the impact of the power system disturbances 

on a wind turbine operation. In the recent years, the ride-through analysis of the DFIG wind 

turbine under network disturbance has become an intensively studied problem. Due to the 

random nature, faults imposed on the grid can occur anywhere within the connected system. 

Also, due to transmission line impedance the voltages dip could be seen at the stator windings. 

The voltage dip can cause excessive currents on the rotor windings by the magnetic coupling. As 

a fail-safe mechanism, the DFIG automatically disconnects from the grid protecting the internal 

power electronic converter from over currents as well as over voltage on the converter dc link 

[7].. 
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Most of the DFIG wind generators transient studies have been focused on the voltage dip 

analyses due to symmetrical three phase network fault. These kinds of faults, however, are very 

seldom. Single and two-phase earth faults are more common. Moreover, two-phase faults are 

more demanding for a DFIG than symmetrical three-phase faults. Thus, more research about 

unsymmetrical fault ride-through performance is required. Most DFIG wind turbine models that 

are used in transient analyses represent the generator by means of a two-axis model with constant 

lumped parameters. A model ofDFIG that takes into account the equivalent circuit parameter 

variation was presented in chapter 2. A significant part of the wind turbine model is the model of 

a frequency converter that supplies the rotor of the DFIG. The converter is found to be the most 

sensitive part ofthe wind turbine when subjected to a short-circuit fault in the grid. The control 

of a frequency converter is usually based on field oriented control but also, the modified direct 

torque control (DTC) could be used. The frequency converters are usually equipped with a rotor 

over current protection circuit that is commonly called crowbar. The crowbar protects the rotor

side frequency converter against the high rotor current transient that DFIG generates during the 

disturbance. 

A Typical LVRT characteristic is more or less defined by a minimum voltage throughout the 

duration of the fault followed by a ramping up to nominal level as the voltage recovers. The 

width of this minimum is dictated by the length of time to normally clear a transmission level 

fault (10 to 20 cycles) which then ramps up to the normal operating range with a given slope [7, 

8J. Although the width and magnitude of the minimum are dictated by protection technologies 

and the location and type of fault, the slope of the recovery likely depends on the strength of the 

interconnection and reactive power support, whereby stronger systems could afford a much 

steeper increase and thus minimize the ride-through requirements of the generators. The 

functional operation ofLVRT is based on the comparison of the characteristic with that ofthe 

terminal voltage. Essentially, once the voltage dips outside of the normal operating range the 

control system then compares the recovery of the fault with that of the minimum voltage level as 

given by the LVRT characteristic. As shown in Fig. 1-4, in the case in which the voltage falls 

below that of the LVRT characteristic, the generator may trip, however, anywhere above the 

minimum, the generator must remain connected and support the grid [7]. 
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Under fault conditons, there are two major problems for existing DFIG based wind energy 

system: 

1. Over current for rotor side converter and over voltage on dc link 

2. Reconnection to recovered grid may cause stability issue. 

Without proper control scheme, DFIG induces large currents on the rotor side as the excitation 

current is low during faults. The generator flux is not maintained when the stator voltage drops 

or negative rotating flux may appear if the system is severely unbalanced. 

It's desirable to regulate the terminal voltage (or reactive power) in order to achieve voltage 

stability and maintain a smooth voltage profile at the point of interconnection [11] 

Following fault recovery, the grid voltage increases to approximately 95% of the rated value, 

however, the grid is still considered to be very weak. An attempt to reconnect the WECS under 

this condition can make the system unstable as the WECS being reconnected it pulls the grid 

voltage low due to reactive power. In practice, the WECS do not connect to the grid immediately 

after fault recovery. In general, reconnection only occurs once it has been determined the grid is 

stable enough. 
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Conventionally, the control algorithm integrated to the wind turbine would have to be modified 

to incorporate fault detection and monitoring. In concurrence to the software, external hardware 

equipped to handle the fault operation under reduced supply voltage must be appropriately 

chosen for the application. The two most hardware solutions to solve the L VRT problem that 

have been researched and considered include: (i) power converter with UPS, in this method the 

UPS behaves as a source or a sink to allow the bidirectional power flow depending on the 

operation of the generator; Oi) active crowbar, power resistors are connected to the rotor 

windings and controlled to turn on absorbing excessive rotor energy [8]. The latter method is 

considered for this project and will be discussed further in chapter 4. The summaries of 

additional L VRT alternatives are shown in table 1-1. These techniques are all applicable and 

practical to overcome the LVRT challenge however the implementation cost per kilowatt hour is 

a determinant factor. 

Table 1-1 Summary of LVRT ,Methods [reference] 

LVRT Technology Ride Through duration 

Additional Capacitors 0.1 seconds 

Boost Converter 5 seconds 

Battery Backup 5 seconds 

Super Capacitors 5 seconds 

Active Crowbar 0.3 seconds 

The fault ride-through and grid support capabilities ofthe DFIG addresses primarily the design 

ofDFIG wind turbine control with special focus on power converter protection and voltage 

control issues. 
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1.4 Motivation 

DFIG has recently received much attention as one of preferred technology for wind power 

generation. Compared to a full rated converter system, the use ofDFIG in a wind turbine offers 

many advantages, such as reduction of inverter cost, the potential to control torque and a slight 

increase in efficiency of wind energy extraction. However, the rotor power converter as a 

vulnerable part of the DFIG power converter, which has a restricted over-current limit, needs 

special attention especially during faults in the grid. When faults occur and cause voltage dips, 

subsequently the current flowing through the power converter may be very high (over-current). 

During this situation, it is common to block the converter to avoid any risk of damage, and then 

to disconnect the generator from the grid. However, the increasing trend of connecting high 

penetrations of wind farms to transmission networks has resulted in the transmission system 

operators revising their grid codes for the connection oflarge MW capacity wind farms. 

Therefore, it's required for WECS to remain connected to the grid during grid network 

disturbance. Reliable protection schemes and fault detection mechanisms are of great importance 

to meet the new grid requirement. 

Motivated by the reasons above, this project provides a study ofthe dynamics of the grid 

connected wind turbine with DFIG. The project also proposes alternative detection scheme for 

the active crowbar operation. The implementation of the active crowbar with integrated fault 

detection depends only on the stator side voltage and DC link voltage. The difference between 

the proposed system and the traditional active crowbar is the rotor current sensors. In this project 

alternative solutions where the internal control of the wind turbine remain unchanged, and no 

additional current sensors necessary inside the DFIG, is investigated. 

As a project case study, the behaviour of a 9-MW wind farm consisting of six 1.5 MW wind 

turbines connected to a 25-kV distribution system exports power to a 120-kV grid through a 30-

km, 25-kV feeder under various transmission faults is investigated. Also the normal operation of 

the same wind farm is studied to observe the system response ofDFIG. The DC link voltage of 

the DFIG is also monitored. The selected Wind turbine uses a doubly-fed induction generator 
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(DFIG) consisting of a wound rotor induction generator and an AC/DCI AC IGBT -based PWM 

converter. The main purpose of this project is the analysis of the DFIG for a WECS application 

both during steady-state operation and transient operation. In order to analyze the DFIG during 

transient operation both the control and the modeling of the system is of importance. Hence, the 

control and the modeling are also important parts of the project with the main focus on the Low 

voltage Ride-Through capability ofDFIG based WECS. 
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1.5 Report Outline 

In Chapter 1, the background of the wind energy system, wind energy conversion system and 

motivation of this project are presented. Chapter 1 also introduces the low voltage ride through 

capability ofDFIG and grid connection codes. The report is organized to provide in depth 

information about the research done on the DFIG wind energy system, active crowbar and fault 

detection methods in the subsequent chapters. 

Chapter 2 gives the theoretical explanation of the DFIG from the stator reference frame using the 

mathematical model and equivalent circuit analysis. The rotor side control scheme is discussed 

with vector control method. 

Chapter 3 provides the DIFG response to different types of fault in the grid during disturbances. 

The behaviour of the DFIG is analyzed under variable wind conditions and when faults are 

introduced in to the network. 

Chapter 4 presents the implementation and strategy of fault detection method and recommended 

protection scheme. Active crowbar protection is integrated to DFIG using Matlab/Simulink. 

System recovery is explained and simulation results verify the theory and the proposed 

protection technique. 

The last chapter provides an overview of the research undertaking, briefly and summarizes the 

development ofthe active crow bar and DFIG generators for WECS. Finally, further research 

recommendation is discussed. 
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CHAPTER 2 

MODEL AND OPERATING PRINCIPLE OF DFIG 

In order to investigate the impacts of these doubly fed induction generators installations on the 

operation and control of the power system, accurate models are required. The doubly fed 

induction generator can supply power at constant voltage and constant frequency while the rotor 

speed varies. This makes it suitable for variable speed wind energy applications. Additionally, 

when a back-to-back converter is used in the rotor circuit, the speed range can be extended above 

synchronous speed and power can be generated both from the stator and the rotor. An advantage 

of this type ofDFIG drive is that the rotor converter need only be rated for a fraction of the total 

output power, the fraction depending on the allowable sub- and super-synchronous speed range. 

The rotor side converter (RSC) usually provides active and reactive power control of the 

machine while the grid-side converter (GSC) keeps the voltage of the DC-link constant. The 

additional freedom of reactive power generation by the GSC is not mostly used; the rotor side 

converters are used. However, within the available current capacity the GSC can be controlled to 

participate in reactive power generation in steady state as well as during low voltage periods. The 

GSC can supply the required reactive current very quickly while the RSC passes the current 

through the machine resulting in a delay. Both converters can be temporarily overloaded, so the 

DFIG is able to provide a considerable contribution to grid voltage support during short circuit 

periods. In this chapter the introduction ofDFIG, ACIDC/AC converter control and finally the 

SIMULINKIMATLAB simulation for grid connected Doubly Fed Induction Generator is 

presented. 
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The power flow parameters are: 

P rn -Mechanical power captured by the wind turbine and transmitted to the rotor 

Ps • Stator electrical power output Qr Rotor reactive power output 

Pr • Rotor electrical power output Qgc. Cgrid reactive power output 

Pgc • Cgrid electrical power output Tm. Mechanical torque applied to rotor 

Qs. Stator reactive power output OJr • Rotational speed of rotor 

Tern. Electromagnetic torque applied to the rotor by the generator 

J - Combined rotor and wind turbine inertia coefficient 

OJs _ Rotational speed of the magnetic flux in the air-gap of the generator, this speed is named 

synchronous speed. It is proportional to the frequency of the grid voltage and to the number of 

generator poles. 

2.1 Modeling of the Dj1-"IG 

Most of the low-power wind turbines built to-date were constructed according to the "Danish 

concept", in which wind energy is transformed into electrical energy using a simple squirrel-cage 

induction machine directly connected to a three-phase power grid. The generator shaft and the 

rotor of the wind turbine are coupled with a fixed-ratio gearbox. In some cases, induction 

generators use pole-adjustable winding configurations to enable operation at different 

synchronous speeds. However, at any given operating point, this Danish turbine has to operate at 

a constant speed. The construction and performance of fixed-speed wind turbines mainly 

depends on the characteristics of mechanical sub circuits, such as, pitch control time constants, 

main breaker maximum switching rate and etc. The response time of the mechanical circuits is 

may be in the range of tens of milliseconds. As a result, each time a gust of wind hits the turbine, 

a fast and strong variation of electrical output power can be observed. Due to these load 

variations, it requires a stiff power grid to enable stable operation and a sturdy mechanical design 
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to absorb high mechanical stresses. Overall, this construction strategy results in expensive 

mechanical construction, especially at high-rated power [10]. 

Key advantages of adjustable speed generator compared to fixed speed generators 

• They are cost effective and provide simple pitch control; the controlling speed of the 

generator (frequency) allows the pitch control time constants to become longer, reducing 

pitch control complexity and peak power requirements. At lower wind speed, the pitch 

angle is usually fixed. Pitch angle control is performed only to limit maximum output 

power at high wind speed. 

• They reduce mechanical stresses; gusts of wind can be absorbed, i.e., energy is stored in 

mechanical inertia of the turbine, creating an "elasticity" that reduces torque pulsations. 

• They have ability to dynamically compensate for torque and power pulsations caused by 

back pressure ofthe tower. This back pressure causes noticeable torque pulsations at a 

rate equal to the turbine rotor speed times the number of rotor wings. 

• They improve power quality; torque pulsations can be reduced due to the elasticity ofthe 

wind turbine system. This eliminates electrical power variations, i.e., fewer flickers. 

• They improve the system frequency; turbine speed is adjusted as a function of wind speed to 

maximize output power. Operation at a maximum power point can be realized over a wide 

power range. As a result, energy efficiency can be improved by up to 10%. 

• They reduce acoustic noise, because low speed operation is possible at lower conditions. 

The equivalent circuit ofthe doubly-fed induction generator, with inclusion of magnetizing 

losses can be seen in Fig. 2.3. The equivalent circuit is valid for one equivalent Y phase and for 

steady-state calculations 
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Fig. 2-3 Equivalent circuit of Doubly Fed Induction Generator. 

In the case that the DFIG is delta connected the machine can still be represented by this 

equivalent Y representation. In this section the jw- method is adopted for calculations. Note, that 

if the rotor voltage, If,. , in Fig. 2.3, is short circuited the equivalent circuit for the DFIG becomes 

the ordinary equivalent circuit for a cage-bar induction machine. Applying Kirchhoffs voltage 

law to the circuit in Fig. 2.3 yields [6, 10] 

Vs = Rsis + j WI Lsis + jWILm (Is + Ir) 

Vr = Rr Ir + jw1LrAJr + jWILm{ls + Ir) 
s s 

The following notations are used; 

Vs stator voltage; 

If,. rotor voltage; 

Is stator current; 

LSA stator leakage inductance 

WI stator frequency; 

Lm magnetizing inductance; 

S slip. 

The slip, S, equals 

Rs stator resistance; 

Rr rotor resistance; 

Ir rotor current; 

Lr A rotor leakage inductance; 

Lm magnetizing inductance; 
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S = wI-W, = Wz 

wI wI 
(2.3) 

Where W T is the rotor speed and W2 is the slip frequency. Moreover, if the air gap flux, stator flux 

and rotor flux are defmed as 

Equations (2.1 )-(2.3) that describe the equivalent circuit can be rewritten as 

The resistive losses ofthe induction generator are given by; 

And the electro-mechanical torque,Te , can be expressed as 

Where npis the number of pole pairs 

The power flow equations ofthe DFIG system, stator apparent power Ss and rotor apparent 

power ST can be found as 

Rewriting equations (2.13) and (2.14) 

2 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

I 1
2. II 12 '3 IWm I '3 ./, 1* Ss = 3 Rs Is + j3WI Lsl s + ) WI-L- - ) WI 'Pm r (2.13) 

". m 
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(2.14) 

Now the stator and rotor power can be determined as 

Ps = Re[Ss] 3 Rs lIs 12 + 3Wl Im[Wm I;] ~3wl/m[tPm/;] (2.15) 

Pr = Re[Sr] = 3Rr I/r 12 - 3W1Slm[Wml;] (2.16) 

The approximations are made because the resistive losses and the magnetizing losses have been 

neglected. Finally, the mechanical power produced by the DFIG can be determined from the 

above equations as the sum ofthe stator and rotor power. 

(2.17) 

2.2 Rotor Side Converter 

The aim ofthe rotor side converter is to control independently the active and reactive power. The 

active and reactive powers are not controlled directly, but by controlling the impressed rotor 

current. The rotor side converter operates in a stator flux d-q reference frame, where the rotor 

current is split into a parallel and orthogonal component to the stator flux, respectively. A very 

fast inner control loop regulates the active and the reactive component ofthe rotor current. The 

current set points are defmed by the slower outer control loop regulating the active and reactive 

power. In order to decouple these two parameters, generator quantities are calculated using 

vector control technique in a synchronous reference frame fixed to the stator flux [10]. The 

controller provides set point values of the quadrature and direct axis component of the rotor 

current (iqr and idr). The control of active power is realized according to the control diagram as 

illustrated in Fig. 2-4 [10] 

In normal operation the aim of the rotor side converter controller is to control active and reactive 

power independently. The reference active power is provided by a maximum power tracking 

depending on the actual generator speed, which assures operation with maximum aerodynamic 

efficiency. During normal operation the reference reactive power is usually set to zero. For high 

wind speeds the speed of the turbine is limited to its rated speed, which implies indirectly that the 
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power is limited to its rated value, too. This is realized by means of a speed controller interacting 

with the pitch mechanism. [10]. 

• J Pret Pret 
Teret Teret • Ls - ... - .. .... ... -- .-

(Or Us;· Lm 
irqret 

-
4" ~ 

Fig. 2-4 Rotor speed and active power control. 

It can be concluded that machine side converter behaves as a controlled current source providing 

power control through rotor current regulations. 

The implementation ofthe active and reactive power control is done by generating a reference 

current vector idqr]etWhich is proportional to the reactive power, Qretand the torque command, 

Te. 

The Field oriented control (also known as FOe) is the most popular among all Induction motor 

control mechanisms. This method is responsible for transforming the three phase time variant 

model, into a two coordinate (d and q co-ordinates) time invariant model. Fig. 2-5 shows the 

detailed block diagram of DFIG with the converters and the power flow variables according to 

the simulink model. The back-to-back converter consists of two converters, i.e., machine-side 

converters a dc-link capacitor placed, as energy storage, in order to the voltage variations (or 

ripple) in the dc-link voltage small. With the machine-side converter it is possible to control the 

torque or the speed of the DFIG and also the power factor at the stator terminals, while the main 

objective of the grid-side converter is to keep the dc-link voltage constant. 
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2-5 Doubly fed induction generator with converters connected to a grid. 

The complexity of the mathematical model of induction motors makes it difficult to control the 

system with ease and accuracy. Using the FOC a structure that is similar to that of a DC machine 

control is commonly used. Two constants are required as reference inputs in the implementation 

of the FOC algorithm. These two reference inputs are the torque component (related to the q co

ordinate) and the flux component (related to the d co-ordinate). Since Field Orientated Control is 

only based on projections the control structure handles instantaneous electrical quantities. This 

makes the control to some extent accurate in every working operation (steady state and transient) 

and independent ofthe limited bandwidth mathematical model. The reactive power and voltage 

control is illustrated in Fig. 2-6 
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Grid 

The complexity of the mathematical model of induction motors makes it difficult to control the 

system with ease and accuracy. Using the FOC a structure that is similar to that of a DC machine 

control is commonly used. Two constants are required as reference inputs in the implementation 

of the FOC algorithm. These two reference inputs are the torque component (related to the q co

ordinate) and the flux component (related to the d co-ordinate). Since Field Orientated Control is 

only based on projections the control structure handles instantaneous electrical quantities. This 

makes the control to some extent accurate in every working operation (steady state and transient) 

and independent of the limited bandwidth mathematical modeL The reactive power and voltage 

control is illustrated in Fig. 2-6 
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Fig. 2-6 Reactive power and voltage control diagram. 

2.3 Grid Side Converter 

The aim of the control of the grid side converter is to maintain the dc-link capacitor voltage in a 

set value regardless of the magnitude and the direction of the rotor power and to guarantee a 

converter operation with unity power factor (zero reactive power). This means that the grid side 

converter exchanges with the grid only active power, and therefore the transmission of reactive 

power from DFIG to the grid is done only through the stator. The dc-voltage and the reactive 

power are controlled indirectly by controlling the grid side converter current [11]. The aim of the 

grid side converter controller for normal operation is to maintain the DC-link capacitor voltage 

and to guarantee a converter operation with unity power factor. Detailed explanations about the 

control concept of the DFIG wind turbine concept for normal operation conditions can be found 

in [12]. 

In contrast to the rotor side converter the grid side converter can stay active during grid faults, 

when the rotor side converter is blocked by the crowbar. The grid side converter,can then be used 

as a STATCOM and contribute supplementary to reactive power supply. 
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2.4 DFIG Normal Operation Analysis 

The control scheme of the normal operation DFIG based system is illustrated using a 9 MW 

wind farm consisting of six 1.5 MW wind turbines connected to a 25 kV distribution system 

exports power to a 120 kV grid through a 30 kIn, 25 kV feeder. Wind turbines using a doubly-fed 

induction generator (DFIG) consist of a wound rotor induction generator and an ACIDCI AC 

IGBT-based PWM converter. The stator winding is connected directly to the 60 Hz grid while 

the rotor is fed at variable frequency through the AC/DCI AC converter. The DFIG technology 

allows extracting maximum energy from the wind for low wind speeds by optimizing the turbine 

speed, while minimizing mechanical stresses on the turbine during gusts of wind. [12,13] 

The DFIG is modelled using a wound rotor asynchronous generator in the stationary frame 

where the stator and rotor winding are excited separately. The generator is a three pole-pairs 

machine whose rotor is connected in Y -connection to an internal neutral point. The generator 

parameters are listed in Table 2-1. 

Table 2:.1 DFIG System and model parameters 

Nominal power [MVA] 1.5 

Nominal voltage [Vrms] 575 

Nominal frequency [Hz] 60 

Stator resistance [pu] 0.00706 

Rotor resistance, Rs [pu] 0.005 

Magnetization inductance, Lm [pu] 2.9 

Stator leakage inductance, Ls [pu] 0.171 

Rotor leakage inductance, Lr [pu] 0.156 

DC link voltage, V de [V] 1200 

Inertia constant [s] 5.04 

Friction factor [pu] 0.01 

DC link capacitor (j1F] 10,000 

Nominalline-to-line voltage [VLL' RMS] 575 
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I Nominal output frequency [Hz] 

The control system ofthe DFIG subsystem is explained in previous sections. The stator voltage, 

stator current, rotor current, rotor speed and DC link voltage are sensed and fed to controllers. 

The wind turbine information are utilised by the controller. The mechanical torque data is 

extracted and manipulated in the torque regulator producing the torque command [8,9]. 

Three main controllers perform independent functions in order to obtain the desired output: 

1. Speed controller uses the MPPT curve to build the reference speed and turbine output 

power. The torque command is extracted by estimating that stator speed. 

2. Reactive power regulator is a closed loop with feedback from the collector bus of power 

quality control. 

3. Current regulator regulates the rotor current with respect to the reference value. The 

reference values are generated from torque command and the relative power regulator. 

The normal operation ofDFIG is simulated and the results are presented in Figure 2.9 
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Fig. 2-8 DFIG during normal operation. 

From Fig 2-9, the generator is operating in super-synchronous mode where the rotor is operating 

above the synchronous speed and the DC link voltage is maintained at the rated value (l150V). 

The rotor current reaches its pick value nearlyl.O pu at start, and then slightly lower when it 

approaches the steady state. During the simulation the wind speed is maintained constant at 15 

mls. The control system uses a torque controller in order to maintain the speed at below the rated 
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Fig. 2-8 DFIG during normal operation. 

From Fig 2-9, the generator is operating in super-synchronous mode where the rotor is operating 

above the synchronous speed and the DC link voltage is maintained at the rated value (1l50V). 

The rotor current reaches its pick value nearlyl.0 pu at start, and then slightly lower when it 

approaches the steady state. During the simulation the wind speed is maintained constant at 15 

m1s. The control system uses a torque controller in order to maintain the speed at below the rated 

26 



speed. The reactive power produced by the wind turbine is regulated at 0 Mvar with a slight 

fluctuation as seen in the plot. The DFIG wind farm produces 9 MW at the corresponding turbine 

speed ofl.2 pu of generator synchronous speed. Overall, the control performance of the DFIG is 

very good in normal conditions allowing active and reactive power changes in the range of few 

milliseconds. 
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2.5 Summary 

A 9-MW wind farm consisting of six 1.5 MW wind turbines connected to a 25-kV distribution 

system exports power to a 120-kV grid through a 30-km, 25-kV feeder is studied for normal 

operation ofDFlG. The DC link voltage of the DFIG is also monitored. The Wind turbine uses a 

doubly-fed induction generator (DFIG) consisting of a wound rotor induction generator and an 

AC/DC/AC lGBT-based PWM converter. The stator winding of the DIFG is connected directly 

to the 50 Hz grid while the rotor is fed at variable frequency through the AC/DCI AC converter. 

The DFIG technology allows extracting maximum energy from the wind for low wind speeds by 

optimizing the turbine speed, while minimizing mechanical stresses. The result from simulation 

of the WECS (wind energy conversion systems) under normal operation verifies the theoretieal 

operation and chosen control scheme ofDFIG. The flux oriented (FOC) control scheme is 

chosen for the machine side converter, the stator active and reactive power control offers better 

system stability while decoupling the d-q components ofthe rotor current and controlling each 

power term separately. DFIG control can, within limits, hold their power constant in spite of 

fluctuating wind, storing thus temporarily the rapid fluctuations in power as kinetic energy. 
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CHAPTER 3 

FAULT ANALYSIS OF DFIG 

Due to the double fed induction generator's (DFIG) advantage of controlling active and reactive 

power independently and partial power converter, DFIG is becoming a popular type of wind 

power generation system. Nowadays, the grid code demands that the wind power generator 

possesses the ability of riding through the grid voltage sags, only when the grid voltage drops 

below the specific curve, the wind turbine is allowed to disconnect. DFIG wind power system 

has serious problems with the corresponding voltage sag as its partly power converter: depending 

on the depth and the conditions at the start of the sag, current, power and reactive power peaks 

may exceed rated values and may lead to a system shut down. [22] 

In general these grid codes represent the fundamental guidelines for wind turbine manufacturers 

and wind farm planners. Basically, the North America, grid code follows their European 

counterpart categorising wind turbine capabilities as follows 

(i) Low voltage Ride-through (LVRT) requirement to keep wind turbines on the grid 

during faults by introducing new technologies. 

(ii) When tripping, wind turbines have to guarantee reconnection and continuation of 

power generation in the shortest possible time. 

(iii) The establishment of mechanisms for ascertaining and continuous monitoring of the 

fulfilment of grid requirements. 

(iv) Establishing intelligent system protection devices to ensure a minimum loss of wind 

power and to guarantee fast recovery of normal operation. 

The new grid codes requirements includes voltage level, Total Harmonic Distortion (THD) 

levels in the point of common coupling (PCC) as well as the ride through capabilities during 

fault events in the grid. Also, the new wind turbines/farms should contribute to regulation if 

active and reactive power and thereby contribute to the frequency and voltage control [25]. 
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One of the challenges ofDFIG is that it does not handle faults in the manner of conventional 

generator during grid disturbances. Some of the critical problems that encounter DFIG under 

fault conditions are the following: (i) rotor over current which can cause the machine side 

converter to be damages or to be offline due to protection; (ii) DC link over-voltage which can 

lead to capacitor failure; (iii) temporary loss of control ofthe active and reactive power causing 

oscillations at the DFIG output; (iv) reactive power compensation during voltage imbalance. In 

order to avoid damage, WECS are tripped offline, separating the turbine from the grid. Thus, 

utilities are recognizing the need for WECS to withstand grid disturbances even if the voltage 

drops at the point of connection. The disturbances are classified as balanced or unbalanced. 

Based on the network configuration and WECS topology, the turbine may experience different 

situations at the turbine input terminals. The grid requires intelligent protection schemes to avoid 

voltage collapse and handle fault conditions in a shorter duration. Further analysis and the 

recommended method will be discussed in the next chapter. 

In this chapter, short circuit faults are introduced in the simulation to study the response of 

DFIG. These faults are imposed along the transmission line and are categorised either as shorted 

phase(s) to ground or arching between phases. In the simulation the analysis ofDFIG behaviour 

under each fault condition and undesirable fault response characteristics will be observed in the 

large peak currents at the initiation of the fault. 

3.1 Double Fed Induction Generator during Fault 

\Vind turbines based on DFIG have the stator windings connected directly to the grid, making the 

rotor winding susceptible to high currents induced during grid faults. The rotor windings are 

connected to the grid via a back-to-back converter, which is very sensitive to over-currents. The 

most common way to avoid high induced currents in the rotor side converter (RSC) is the use of 

a crowbar system. The crowbar system makes the DFIG behave in the same way as a 

conventional Squirrel Cage Induction Generator (SCIG) with higher rotor resistance expanding 

the critical rotor speed during the disconnection of the RSC from the rotor winding [22]. In the 

following sections the response ofDFIG to various types of faults is analyzed and presented. 
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3.2Three Phase Shorted to Ground 

The balanced (or three phase) fault is the one when all three lines are shorted to ground. It is 

usually rare, but can happen. When a fault occurs it is important to iso late it by opening 

protective breakers. For a three phase symmetrical fault, at the instant offault, all three voltages 

reach a value of V 

Va = Vb = Vc = V 

Addition of the three phase-currents should be zero 

Ia + h + Ie = 0 

Another type of fault is Asymmetrical faults 

1) Phase to phase faults (phase 'a' to phase 'b') 

Ie = 0 

Ia + h = 0 

Vb Vb = V 

2) Single phase to ground faults (phase 'a' to ground) 

Vb 0 

h = Ie 0 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

The following simulation results illustrate the DFIG response during three phase fault in the 

transmission. The analysis was carried out in Matlab Simulink simulation environment. The 

fixed simulation time-step was set to 0.5e-7 and forward Euler method was used. 
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Fig. 3-1 DFIG during a voltage sag. 

In Fig 3-1 the steady-state operation of the DFIG and its dynamic response to voltage sag 

resulting from a remote fault on the 120-kV system is plotted. The fault was introduced at 

t=0.03s and removed at approximately t=O.13s .Initially the DFIG wind farm produces to 9 MW. 
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Fig. 3-1 DFIG during a voltage sag. 

In Fig 3-1 the steady-state operat ion of the DFIG and its dynamic response to voltage sag 

resulting from a remote fau lt on the 120-kV system is plotted. The fault was introduced at 

t==O.03s and removed at approximately t=O.1 3s .Initia lly the DFIG wind farm produces to 9 MW. 

32 



The corresponding turbine speed is 1.2 pu of generator synchronous speed. The DC voltage is 

regulated at 1150 V and reactive power is kept at 0 Mvar. At t=0.03 s the positive-sequence 

voltage suddenly drops to 0.5 pu. causing an oscillation on the DC bus voltage and on the DFIG 

output power. During the voltage sag the control system tries to regulate DC voltage and reactive 

power at their set points (1150 V, 0 Mvar). The system recovers in 4 cycles at approximately 

t=O.13s. 

Under normal operation, the DC link voltage has a steady value of approximately 1200V with 

some AC ripples. During fault, the capacitor voltage increases above its rated value to a peak of 

approximately 2000V, shown in Fig. 3-1. Also, the rotor current during fault is very high when 

compared with the rated value of Ipu. This can result in high stator voltage across DC link 

capacitor. Before the fault is applied, the active power output of the wind turbine is 0.2 pu while 

the reactive power output is kept constant at 0 pu. Approximately 100 ms after fault is cleared 

the terminal voltage is recovered (back to the steady state value) at 1 pu. This fast voltage 

recovery is due to the ability ofDFIG to control the reactive power; damping control helps a 

quick recovery ofDFIG after a fault on the grid. 

3.3Two-Phase Shorted 

A two phase fault is simulated in the same location as the three phase fault, where only two 

phases are shorted to ground. The simulation results are shown in the following figures. \Vith 

unbalanced voltage, large rotor currents are induced in the rotor currents. This type offault is not 

a severe as the three phase fault, but it can still cause an interruption to the power system and 

damage to the devices. 
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Fig. 3-2 DFIG under unbalanced 2-pbase fault. 

A two phse fault is applied to phase A and B ofthe transmission line between the transforemer 

and B25 bus bar. This fault has caused sever disturbance in the DFIG behaviour as well as the 

entire network. As depicted in Fig. 3-2, the DC voltage is not stable anymore and far from the 

rated value with a lot of harmonics, this overvoltage DC can easly damage x capacitor. the 

active power was lost for significant time and when it returned it showes over production due to 

the power inbalance. It can be observed that, reactive power between t=0.02s to t=O.ls is not 

zero and it's injecting undesirable power to the network. The system recovers only around 

t=0.15s. 

34 



Pg (MW) 

Fig. 3-2 DFIG under unbalanced 2-phase fault. 

A two phse fault is applied to phase A and B of the transmission line between the transforemer 

and B25 bus bar. This fault has caused sever disturbance in the DFIG behaviour as well as the 

entire network. As depicted in Fig. 3-2, the DC voltage is not stable anymore and far from the 

rated value with a lot of harmonics, this overvoltage DC can easly damage x capacitor. the 

active power was lost for significant time and when it returned it showes over production due to 

the power inbalance. It can be observed that, reactive power between t=0.02s to t=O. ls is not 

zero and it's injecting undesirable power to the network. The system recovers only around 

t=0.15s. 
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3.4 Summary 

In this chapter the simulations ofDFIG during various types of fault in the network were 

analzed and presented. The dynamic response of the DFIG under fault was observed to be 

different and random in nature during the random fault ocuurence in the the power system. 

During the steady-state operation of the DFIG and its dynamic response to voltage sag resulting 

from a remote fault on the 120-kV system is plotted. The fault was introduced at the beginning 

and removed approximately after O.Is.As a result; the DFIG wind farm produces lower power 

during the voltage sag. Following the voltage sag, as depicted in the previous sections, current, 

power and reactive power peaks have all exceeded their corresponding rated values. This could 

lead to entirely shut down of the system. 
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CHAPTER 4 

FAULT DETECTION AND PROTECTION 

4.1 Introduction 

Grid codes require wind farms to stay connected and continue generation in the main system low 

voltage emergency conditions. Due to the limited capacity of converters, DFIG wind turbines 

may suffer from over rotor currents or over voltages in the DC-links. As a result, appropriate 

control and protection schemes must be applied. Modeling the fault current behaviour ofDFIG 

will help to determine its dynamic performance and its possible impact on the power system. 

Different approaches have been taken by many software tools to model DFIG protection scheme 

and wind farms. 

The following sections will discuss different active crowbar configurations, the fault detection 

method, the integration ofthe active crowbar system with the DFIG and the overall system 

behaviour under various fault conditions. This project report initially addresses the modeling 

considerations for an induction machine and then identifies the special considerations needed for 

a DFIG. A 9 MW wind farm with six units of 1.5 MW DFIG wind turbines is studied by creating 

symmetrical and asymmetrical faults in different zones. Voltage and current waveforms are 

presented and discussed during fault. 

According to [17] commercial DFIG wind turbines demonstrate that the timing of deactivating 

crowbar and the value of the series resistor have critical effects on the converter safety and the 

system recovery. By use of a rotor crowbar connected with a series resistor and a modified 

control strategy on the grid-side converter, the DFIG wind turbine is capable of riding through 

voltage dips up to 15% without absorbing a lot of reactive power, which greatly contributes to 

the main system voltage recovery [16]. 

The fault ride-through capability is considered crucial for the system stability. It is commonly 

demanded from modern wind turbines, that they are not allowed to disconnect in case of faults. 
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One ofthe most often used variable speed configurations is to use an active crowbar fault ride 

through mechanism. Therefore, crowbar circuit is designed enabling the wind turbine to ride 

through transient faults. With the addition of crowbar the wind turbines can stay connected to the 

grid, maintain their generation capacity, and resume normal grid operation after the fault is 

cleared. 

The following sections will discuss different active crowbar configurations, the fault detection 

method, the integration of the active crowbar system with the DFIG and the overall system 

behaviour under various fault conditions. 

4.2 Fault Detection Methods 

The fault detection methods investigated in this project play an important role in the independent 

active crowbar system This active crowbar is connected to the rotor windings providing a 

bypass path for the rotor current under critical fault conditions. This section will focus on the 

methods of detection. The detailed model and methods of fault detection are not included in this 

project as it is above the scope ofthis project; however, the brief discussion for common 

methods is included. 

Current measurement fault detection methods are used under fault conditions, the rotor current 

exceeds the converter rating substantially, which can be used for fault detection. The three-phase 

rotor currents are sensed and feed into detection block, where the currents are converted to the dq 

reference frame to have a faster response. The magnitude of current vector is compared to a 

reference value and fault indication is latched based on the equality [17]. 

The other fault detection method is using voltage RMS value of stator voltage. This method is 

mostly applied due to the high cost of the rotor current detection method. Fault u~ually appears 

as the voltage dip on the stator side. Then the stator voltages can be used to detect the fault. This 

method segregates the active crowbar independent from the turbine's control system. Also, fault 

detection using instantaneous pseudo-power detection used as an alternative to detect fault. 

Three phase faults are much easier to detect through voltage magnitude in the synchronous dq 

rotating frame because the fault is balanced, the fault involves all three phases and contain the 
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same characteristics. Single phase and two phase faults are more difficult to detect as the voltage 

magnitude has a longer delay that may go undetected. The DFIG is capable of operating under 

these types of fault with no significant disturbance to the grid however it is not recommended. 

Even though, the DFIG can run under single and two phase faults undetected, they do pose a 

serious problem to the rotor circuit and could possible result in the network disturbance. 

Excessive rotor currents under these fault conditions will induce damage to the machine side 

VSc. 

4.3 Protection Using Active Crowbar 

In case of grid faults very high short circuit currents arise in the stator. These high transient 

currents are transferred to the rotor due to the inductive coupling between stator and rotor, 

implying a high damaging risk for the power electronics of the rotor side converter. Due to this 

reason a suitable protection ofDFIG is necessary. A simple protection method is to short-circuit 

the rotor via an external rotor resistant called crowbar, when high rotor currents are detected. The 

crowbar coupling protects the converter system and facilitates fault ride through, which enables 

the DFIG to contribute to power supply directly after fault clearing. \Vhen the crowbar protection 

is triggered, the rotor side converter is blocked and the DFIG behaves as a squirrel cage 

induction generator. This implies that the whole controllability ofthe DFIG is lost during 

crowbar coupling. 

The control strategy adopted during fault for this analysis is described: the RSC is blocked and the 

crowbar system is activated; the GSC controls the DC-link voltage; the RSC is restarted and crowbar 

system is removed after the fault elimination. Different Rcroware analyzed (2, 5 and 10 times the 

original rotor resistance RR) [14]. This is the most common operation mode during faults for 

countries with no reactive current injection requirement. Considering the stability of the machine the 

desired rotor speed should be as closer as possible to the normal operation speed in order to avoid the 

critical rotor speed, as described in Section 3. The active power injected by the DFIG is also 

increased for high values ofthe Rcrow, as explained in [14]. 
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I crow 

Rotor side 
converter 

Fig. 4-1 Diode bridge crowbar. 

Rcrow 1 Ucrow 

The crowbar circuit that was used in simulations consists of a diode bridge that rectifies the rotor 

phase currents and a single thyristor in series with resistance Rcrow as it is depicted in Fig 4-1. 

The crowbar doesn't work in chopper mode. The thyristor is turned on when the DC link voltage 

U de reaches its maximum value 

Simultaneously the rotor circuit is disconnected from the rotor side frequency converter and 

connected to the crowbar. The rotor remains connected to the crowbar until the main circuit 

(4.1) 

breaker disconnects the stator from the network. The rectified current I crow can be calculated 

from DFIG rotor currents as 

I = (lIra I-Ira + IIrb I-Irb + lIre I-Ire) 
crow 2 

(4.2) 

The dc voltage over the crowbar Ucrow is calculated as 

Ucrow Rerow [crow - UeB_semic (4.3) 

Where UeB_semic denotes the voltage drop over the thyristor. 
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Fig. 4-2 DFIG structure with active crowbar. 

The active crowbar is connected between the rotor ofDFIG and rotor-side inverter, as it is 

depicted in (Fig 4.2). In contrast to the conventional crowbar, the active crowbar is fully 

controllable. A typical ride-through sequence [18] starts when the grid voltage decreases rapidly 

to a low level. This causes high current transients both in the generator stator and rotor. If either 

the rotor current or dc-link voltage levels exceed their limits, the IGBTs of the rotor-side inverter 

are blocked, and the active crowbar is turned on. The crowbar resistor voltage and the dc-link 

voltage are monitored during the crowbar operation. When these both voltages are low enough, 

the crowbar is turned off. After a short delay, for the rotor currents decay, the rotor-side inverter 

is restarted, and the reactive current component of the generator is ramped up in order to support 

the grid [16]. Naturally, the crowbar will be turned on again if a too-high rotor current or dc-link 

voltage is encountered after the turn off of the crowbar. This is often the case with severe two

phase faults that have a high negative-sequence voltage component in the stator. The negative 

sequence component has a high rotor slip [16]. Thus, very high voltages are induced in the rotor 

windings that make it impossible to control the rotor current with the available dc-link voltage. 

Thus, for the most severe unsymmetrical grid faults, the rotor-side inverter cannot be started 

before the fault has been cleared. Figure 4.2 illustrates the common control scheme of the DFIG 

coupled with a crowbar as discussed in this section. 
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Fig. 4-3 control block of DFIG with a crowbar. 

The DFIG control, illustrated in Fig 4.3, contains the electrical control ofthe power converters 

with block diagram of the main components. It is essential for the DFIG behaviour both in 

normal operation and during fault conditions. The control performance of the DFIG is very good 

in normal grid conditions allowing active and reactive power changes in the range of few 
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milliseconds. DFIG control can, within limits, hold the electrical power constant in spite of 

fluctuating wind, storing thus temporarily the rapid fluctuations in power as kinetic energy [IS]. Va
9 

In Fig 4.3, the set point signals for the second stage controllers are also depicted. The reactive 

power set - point, Q::;d , for the RSC can be set to a certain value or zero according to whether 

or not the DFIG wind turbine is required to contribute with reactive power. The GSC is usually 

reactive power neutra~ namely its set-point of reactive power, Q~if, is set to zero. This implies 

the GSC only exchanges active power with the grid, and therefore the transmission of reactive 

power from DFIG to the grid is done only through the stator. The reference signal for the dc 

voltage Udc is set to a constant value, independent on the wind turbine operation mode. This 

value is mainly dependent on size of the converter, the stator - rotor ratio and the modulation 

factor of the power converter [S 9]. 

A three phase short circuit has been introduced at time instant 5 s. The transient stator current, 

rotor current and electromagnetic torque when the crowbar is not implemented are depicted in 

Fig 4-4 and in the detail Fig 4-5. The detailed plot of stator, rotor and DC-link voltages are 

shown in Fig 4-6[14]. 

Due to the resulting high transient in currents in the rotor with a peak value more than 3.5 p.u., 

the DC link by turning off all positive side IGBTs and turning on all negative side IGBTs thus 

short circuiting the rotor [17]. The electromagnetic torque due to the transients in the rotor and 

stator fITst increases in negative direction down to -l.S pu, then rapidly rises to in the positive 

direction up to 1.6 pu. and then starts oscillation. At the time instance 5.13s, the stator ofDFIG is 

disconnected from the network by opening the main circuit breaker because the network faults 

remams. 
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Fig. 4-4 DFIG during Fault without Crowbar. 

The three phase fault is applied on a transmission line at 0575 collector bus. The instant the Ii-wit 

introduced, the three phase voltages becomes out of phase with respect to each other as it can be 

observed on Figure (4-4). The three phase rotor current is very high at starting; this is in the 

range approximately three times the rating current, which can easily destroy the converter. The 

active power P decreases by significant factor as a result of the fault impedance. On the other 
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Fig. 4-4 DFIG during Fault without Crowbar. 

The three phase fault is applied on a transmission line at B575 collector bus. The instant the fault 

introduced, the three phase voltages becomes out of phase with respect to each other as it can be 

observed on Figure (4-4). The three phase rotor current is very high at starting; this is in the 

range approximately three times the rating current, which can easily destroy the converter. The 

active power P decreases by significant factor as a result ofthe fault impedance. On the other 
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side, from Figure (4-4) the changes of reactive power are insignificant compared to active power 

characteristics. 

The simulation result for the DFIG with a crowbar activated is given in the following figures 

with the detailed description of each rotor currents and DC voltage characteristics. Similarly in 

the previous case the 3-phase short circuit has been introduced at the time instant 5 s. The diode 

bridge has been modeled according the model given the beginning of this chapter. The simulated 

transient stator current, rotor current and electromagnetic torque, when the crowbar over-current 

protection is implemented are depicted in Fig 4-7[14]. 

4r----------.----------,-----------.---------Ir==~S~t~.t~~~ourr~e~n~t~A=-~P~h~.~s.~~ 

3 

:2 

o 

;.. Rotor current A - pha •• 
:~ Electromagnetic torque 
I • · . ,. . · . · . · . · . • • • • · . • • · . · . · . : · · · • I · • · : · · f · I · : 

-1 : 

6.06 6.1 6.16 

t [5] 
6.2 6.3 

Fig. 4-5 stator current, rotor current and electromagnetic torque during fault without 

crowbar[14]. 

44 



side, from Figure (4-4) the changes of reactive power are insignificant compared to active power 

characterist ics. 

The simulation result fo r the DFIG with a crowbar activated is given in the fo llowing figures 

with the detai led descr iption of each rotor currents and DC vo ltage characteristics. Similarly in 

the previous case the 3-phase short circu it has been introduced at the time instant 5 s. Th diode 

bridge has been modeled according the model given the beginning of th is chapter. The simulated 

transient stator current, rotor current and electromagnetic torque, when the crowbar over-current 

protection is implemented are depicted in Fig 4-7[ 14]. 

" 
;. ., · . · . 

3 · . · . · · · • · · · · · : · · · 2 = : 
-;r · : · · ..=!:. · : 
~ · 1 : 
. ~ : 

U> · · • S!Z : 
0 · : · = · · -1 · · . . : [ 

" 
-2 L I 

5 5.05 5 . 1 

S t a tor c urrent A - phase 
Rotor current A - phase 
E leclrorn,"!gn e t lc torque 

'\ ., 
:~ : ~ ~ ~ ,~ ,'X_,-, 
, • "" '" I' -. " J ...... t ·. -" · It ,'. -- ..... ', "" 

, t ,. , I i I ~ , ~ ;--.... _ _ :', ". 

t r I , '" I \ t r ' "" 1 
... : I I '. ,. ~,' : I 

~ ,. I, , \-.... ! ~ 
: i .... .:., t 

• ! ,~ , 

I 

,', , , , . 
I • . , . 
... . , i , . . .. ~ , , 

, • . . , , i . . , • • , . . , . . . . , . . 
" ./ , , , , .. \..,/ . , · , · . . . , · · . '..' .. , I .. . ' · , · . ',' ~I 

' .. '.' , L I 

5.15 5.2 5.25 5 . 3 
t [s] 

Fig. 4-5 stator current, rotor current and electromagnetic torque during fault without 

crowbar[ 14]. 

44 

-



?ri" . -f'rtf f· Ii ;, 5 e@ 

3 

:2 .. 5 

:2 

1.5 

-:::; 1 
.3, 

~ (l-ti .... 
.!3 
r.h 0 

.!3 

-()5 

-1 

-15 

-2 
6 

. .. 
" H ,. 
I • 
I' • • • • t I , • • I • t , • J I 

• • • • r I 
I I 
• I 

• • , · I , 
• • • , 
• I 
I • , 
• , 
• I 
I • I 

S06 5.1 515 
t[S] 

52 

Stoator currenl A • ph ..... 
Rolor CUlTent A - pl'u ••• 
Elttctroma gneltC tOf'QUe 

526 

Fig. 4-6 stator current, rotor current and electromagnetic torque during fault with 

crowbar[14]. 

-g 
~ 
~ 
:> -0.5 

-1 

6.3 

-1·1.9L~5--------~5~--------5~.0~5~------~5~.~1~-------;~'--------;~--------~~--------~5~.3 
t [5] 

Fig. 4-7 Stator voltage rotor voltage and DC-link voltage during network disturbance with 

the crowbar implemented. 

45 



:3 

25 

:2 

1 5 

::3 

. .. 
" 
• I r. 
" 
" • • • • • I • • • • • 1 

• I 

• • • • • • t I 

St41to r curren! A - pha se 
R OIor CUY t A - phas .. 
EJeotnlmagneltc ~ 

~ 
I I 

• I 
I • 

~ 
.S9 
tJI 

_£2 

I • 
0 _5 I 

I • ... 
0 

-() 

-26~--------~5~O~5~--------~5~1~--------5~1~5--------~S~2----------S~2-5----------6~3 

I[S] 

Fig. 4-6 stator current, rotor current and electromagnetic torque during fault with 

crowbar[14]. 

1 . 5 

0 . 5 
:::::I 

S 
(.) 
-c 
:::::I 0 

rn 
>-
en 
C'O 
>- - 0 . 5 

- 1 

- 1 .5 
4 .9 5 

I · · • · . · . 
V 

5 5 .05 5. 1 5 . 1 5 

t [5 ] 
5 . 2 

-'- -
Sta tor v olt ge A - pha s e 
R o t or v o ltage A - phase 
DC- link v olt g e 

5 . 2 5 5 . 3 

F ig. 4-7 Stator voltage rotor voltage and DC-link voltage during network disturbance with 

the crowbar implemented. 

45 



In general, the DFIG control regulates the Dc link: voltage to its normal value while keeping 

reactive power at zero. The Dc link: voltage increases slightly at the first rotor current peak. Even 

with the IGBTs in the machine side converter disabled by the control mechanism, the energy 

continues to flow through the free-wheeling diodes leading to a very fast voltage increase lasting 

a very short duration [18]. Despite the fact that the DC voltage remains constant, the active 

power and stator voltage both drop to zero while the stator current increases in order to 

compensate for the loss. 

When the machine side converter is disabled, there is no energy transfer from the grid side 

converter, even though the grid side controller attempts at sustaining the voltage by means of 

adjusting the PWM getting pattern [18], as depicted in figure 4.4 the rotor current increases to 

approximately 0.8 pu, at this instant the machine side converter extracts energy from the DC link: 

capacitor. 

The overall system performance of the DFlG with the active crowbar under different fault 

condition does not drastically impede the system behaviour as well, has no negative impact on 

the grid or connected loads. Loads connected to generating systems that experience such faults 

have a tendency of drawing reactive power as a result of the impedance along the line and the 

generation system under such conditions, however in the simulation result, active power 

decreases to zero while the reactive power remains unchanged. Similarly, the rotor speed 

remains relatively constant; due to the generator's large moment of inertia, observing any change 

in the rotor speed would be difficult under any fault condition lasting a few milliseconds. Fault 

conditions longer than L VRT characteristic would be required to trip off line to prevent damage 

and equipment failure. 
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4.4 Summary 

The results obtained indicate that a standard DFIG wind turbine will respond adversely to 

network faults if not modified and is unlikely to achieve compliance with any Grid Codes. 

Unbalanced faults introduce sustained oscillations to output power and restrict control ability. 

Potential for controller improvements exist in damping the response to unbalance and in the 

re-connection response of the converters. Such improvements are however unlikely to solve the 

fundamental problems surrounding network fault tolerance ofDFIG machines. A resistor bank 

crowbar circuit may protect the converters but they may also destabilise the power output. 

Further topological modifications must be considered in order to improve the fault tolerance of 

DFIG machines. 
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CHAPTER 5 

CONCLUSION 

5.1 Conclusion 

Currently, the wind energy is one of the most promising renewable energy sources; it has been 

seen fast growing worldwide. The energy in wind is extracted by wind turbine and converted by 

generator into electrical energy, feeding the existing power system. Wind Energy Conversion 

Systems (WECS) convert the energy in moving air (the wind) to electrical energy. The basic 

idea is quite simple and has been around for centuries: the wind strikes some sort of set of 

blades mounted on a shaft that is free to rotate. The wind hitting the blades generates a force that 

turns the shaft, and this rotational kinetic energy may then be used for any of a number of 

purposes (historically, things like pumping water, moving a saw, or turning grain-grinding 

stones, to name a few). In a WECS, the rotating shaft turns an electric generator that converts 

the rotational kinetic energy to electric energy. 

Variable speed doubly-fed induction generator based wind energy conversion system has 

dominant the variable speed wind energy system in the last ten years. Many systems have been 

installed and the penetration rate of wind energy is increasing every year. 

Low Voltage Ride Through for Wind Turbines with DFIG is a challenge that all manufacturers 

must solve. Most manufacturers have already implemented L VRT systems, but compliance of 

the different grid codes is still a problem that has not been totally solved. New LVRT systems 

must comply grid codes without penalizing the system cost. The ideal solution is the utilization 

of low cost additional hardware (active crowbar) and adaptation of control strategies. 

The DFIG based WECS can be upgraded inside the control system, where the rotor current is 

detected and active crowbar is employed to short the rotor circuit, in order to by-pass the 

excessive rotor energy to crowbar resistance. The machine side converter can be protected by 

disabling the gating signal when the crowbar is activated. The solution can be done by upgrading 

or in the newly designed system. In this project, an active crowbar for low voltage ride through 
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protection method is proposed. Also the novel fault detection method based IPPD is 

recommended. The method has fast response than other detection methods, which can also be 

used to detect different faults, balanced or non-balanced effectively. This method is used with 

stand alone crowbar to avoid the expensive system upgrade. The simulation results verified the 

proposed protection for DFIG and rotor side converter. 
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5.2 ~lajor Contribution 

In this project, the major contribution is the low voltage ride through protection scheme for 

DFIG with a better response and considerably cheaper Crowbar to protect rotor side converter 

from an excessive current. Crowbar is an effective solution for fault ride through in DFIG based 

wind energy system. However, it needs the upgrade of control system or new design. The 

problems existed that in the traditional fault detection methods through stator voltage have the 

one cycle time delay and sometimes are not suitable for unbalanced faults. The proposed 

crowbar protection is verified through simulation that is effective to protect the machine side 

converter from over current, which enable the WECS ride through the fault under any 

circumstances. 

so 
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Appendices 

Appendix A 

Modiefied Simpowersystems wind farm and DFIG Simulink model with back to back 

converters 

Ciscrete, 
Ts = 5e-006 s. 
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Appendix B 
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