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ABSTRACT

This thesis focuses on the single line to ground fault of the Doubly Fed Induction Generator
(DFIG). The Conventional PI controller with Crowbar protection scheme is applied to the
DFIG for the control of the torque, the dc link voltage, rotor speed and the fault current. The
grid connected DFIG is simulated and with the controller blocks for the rotor side converter
and grid side converter control.

The Crowbar protection scheme of the DFIG is performed by applying stator and rotor flux
orientation control scheme in synchronously rotating dq frame for the stator side. The DFIG
based Wind Energy Conversion System system due to variable speed application and low
converter rating makes it one of the most popular wind turbines used. The variable speed
application of theDFIG is conducted in this thesis. The Crowbar protection scheme is one of
the most popular control scheme. The current loops and the overall Crowbar protection
scheme are studied in detail in the thesis. The maximum power point tracker is also
implemented to maximize the power output of the wind turbine generator system.
Furthermore, the analysis of the crowbar protection system to protect the system under

unsymmetrical voltage dips is also performed.

viii



LIST OF ACRONYMS

P,, = Mechanical Power Generated by Wind Turbine.

P, = Stator Active Power of Doubly Fed Induction Generator.
V = Wind Speed.

A = Blade Swept Area.

p = Air Density.

P. = Rotor Active Power of Doubly Fed induction Generator
Q. = Stator Reactive Power of Doubly Fed Induction Generator
Q, = Rotor Reactive Power of Doubly Fed Induction Generator
T,, = Mechanical Torque generated by wind turbine
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igr,igr = Direct and quadrature axis current of Rotor
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] = Moment of Inertia of wind turbine



LIST OF FIGURES

1.1. Block diagram of a typical wind turbine connected Doubly Fed induction generat.......... 2
1.2. Grid Codes in Different Countries For Fault Ride through.........................coiiiiild
2.1. Resistive fault current lIMIter..........o e 8
2.2. STATCOM reQUIALOT. . ...ttt e e e e a0 O
2.3. Topology of Nine SWItCh CONVEITE ... ..ot e 9
2.4. DYNamic VOIAgE RESIOTEr ... ... et 10
3.1. Stator and Rotor Flux Vectors of DFIG...........cooiiiiiiiiiiiiiiiine e 15
3.2. Crowbar circuit By USINg SCR ... a0 10

4.1. dgtoabc Conversion MOdEel..........coooiiii i 20
4.2. Controller of ROtOr Side CONVEITEI. ... .onii e e e, 20
4.3.0d-gmodel OF DFIG ... ..o e e 21
4.4. Schematic of Back to BaCk PWM CONVEIEN.........ouiiititii e 22
4.5. Current control loop of Rotor side converter with conventional Pl control......................... 24
4.6. Current control loop of grid side converter with Conventional Pl control.......................... 25
4.7. Block diagram for the rotor side converter control of DFIG...................oooiiiiiiiiinna, 27

5.1. MATLAB/SIMULINK block diagram for simulation of unsymmetrical fault with

conventional PI controller With Crowbar...............oooiiiii i e 30
5.2. Wind turbine power CharaCterisStiCS. .........o.uuiiueeii it 33
5.3. Grid voltage waveform without fault applied.................cooiii e, 34
5.4. Normal waveform of Stator CUMTENT. ....... ..o e 35
5.5. Normal waveform of rotor CUITENt. ... .. ..ot 35

5.6.1. Stator current variation in conventional Pl controller.....................ccceeeiiiiieieen ... 36
5.6.2. Rotor current variation in conventional Pl controller.......................cocoiii ... 36
5.6.3. Rotor speed variation in conventional Pl controller.....................ooooiiiiii ... 36
5.6.4. Active power variation in conventional Pl controller....................cooooiiiiiiiiine el 37
5.6.5. Reactive power variation in conventional Pl controller........................oooiiiiien 37
5.6.6. Torque variation in conventional Pl controller................coooiiiiiiiiii e 37

5.7.1. Stator current variation in “conventional PI controller with crowbar”............................38

X



5.7.2. Rotor current variation in “conventional PI controller with crowbar”......................38

5.7.3. Rotor speed variation in “conventional PI controller with crowbar”.........................39
5.7.4. Active power variation in “conventional PI controller with crowbar”........................39
5.7.5. Reactive power variation in “conventional PI controller with crowbar”......................39
5.7.6. Torque variation in “conventional PI controller with crowbar”........................eee. 40
5.7.7. Crowbar current variation “conventional PI controller with crowbar”........................40

xi



LIST OF TABLES

5.1 GENEIAtOr PATAMETEIS. ... ..\ ittt e

B L. CONINUEA. . ...t e e e

5.2, ACrodYNamIC PrOPEITIES. ... .ttt e e

B3, CONEINUEH. . e e,

5.4. Comparison of stator transient CharaCteriStiCS. .......oviuiirrii it ittt e
5.5. Comparison of rotor transient CharacteristiCs. ........oouiviiitiiiiti it
5.6. Comparison of active power transient characteriStiCs. ... ......vuviutint i

5.7. Comparison of reactive power transient CharacteriStiCs.............ovviintiiiiiiniie e

5.8. Comparison of torque transient CharacteriStiCS. ........ovuiitiitiitiitt et e

xii



1.1.

CHAPTER 1

INTRODUCTION
Introduction to Wind Energy Conversion System (WECS):

Wind energy conversion systems (WECS) are used to convert the energy of wind movement
into mechanical power with wind turbine generators, this mechanical energy is converted into
electricity and in windmills this energy is used to do various work . In the past, the power in
the wind was utilized to provide useful mechanical power but in modern world WECS is
mainly concentrated on conversion of energy to electrical form. The conversion of the wind
energy into the electrical energy depends on several factors like angle of attack, tower height,
wind speed, blade length, turbine type,etc[1].

Various types of conditions and equations are there to construct wind turbine generator . 1)
Output power of a wind generator is proportional to the area swept by the rotor that means
double the swept area and the power output will also double. 2) The power output of a wind
generator is proportional to the cube of the wind speed. Kinetic Energy = (1/2)mV? , where m
= mass of air (\in kg ), V = velocity of air (in m/s), and the energy is given in joules[2]. Air
has a known density (around 1.23 kg/m3 at sea level), so the mass of air hitting our wind
turbine (which sweeps a known area) each second is given by the following equation:
Mass/sec (kg/s) = Velocity (m/s) x Area (m2 ) x Density (kg/m3 ). Therefore, the power (i.e.
energy per second) in the wind hitting a wind turbine with a certain swept area is given by
simply inserting the mass per second calculation into the standard kinetic energy equation

given above resulting in the following vital equation: P = 0.5ApCpV3.Where, P= Power in

Watts, A= Swept area in square metres, p = Air density in kilograms per cubic metre, and V

=Velocity of air in m/sec[3].



1.2. Introduction to Doubly fed Induction Generator:

A Doubly Fed Induction generator is a 3 phase induction generator where both the rotor and
stator windings are fed with 3 phase AC signal. It consists of three phase windings placed on
both the rotor and stator bodies. It also consists of a multiphase slip ring assembly to transfer

power to the rotor. It is generally used to generate electricity in wind turbine generators.

Doubly Fed Induction Generators are widely used in Wind energy conversion system. This
type of generators are basically a type of induction generator, where the Stator side is
connected to the grid (Utility grid or microgrid) directly, whereas the rotor is also connected
to the grid with the help of a back to back converter, where in between the rectifier and
inverter side, there is a DC link capacitor which provides the reactive power. This type of

configuration is helpful for smooth control of active power and reactive power.

Grid
Stator Power I
> o5 |
Gearbox Step Down
— Transform
[ ] PWM DC-AC AC-DC
Inverter ; .
:] /—L\ Slip ]I].\ ertér
U Rotor Power
DFIG
Windmill

Figure 1.1: Block diagram of a typical wind turbine connected doubly
fed induction generator

The figure 1.1 represents the block diagram of a typical wind turbine connected Doubly fed
induction generator. The wind turbine is connected to the doubly fed induction generators

with the help of a gearbox. As previously mentioned, the stator is connected with the grid
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side and the rotor is connected to the grid with the help of a back-to-back converter. The dc
link capacitor is located between the two converters. The chopper is used for overvoltage
protection during voltage dip, the crowbar circuit is connected across rotor which is used to
protect the whole circuit against surge current caused by sudden drop of the grid voltage

during the fault period.

1.2.1.Working Principal of DFIG:

The DFIG consists of a 3 phase wound rotor and a 3 phase wound stator. The rotor is fed with
a 3 phase AC signal which induces an ac current in the rotor windings. As the wind turbines
rotate, they exert mechanical force on the rotor, causing it to rotate. As the rotor rotates the
magnetic field produced due to the ac current also rotates at a speed proportional to the
frequency of the ac signal applied to the rotor windings. As a result a constantly rotating
magnetic flux passes through the stator windings which cause induction of ac current in the
stator winding. Thus the speed of rotation of the stator magnetic field depends on the rotor
speed as well as the frequency of the ac current fed to the rotor windings.In a DFIG based
system a three-winding transformer gives different voltage levels for stator and rotor side.
When the machine produces energy, only a small part of the generated power flows from the
rotor to the grid. The converters can then be chosen in accordance with this small rotor
power. This means smaller converters compared to fully rated converters and this allows to
decrease the costs. The stator windings are connected to the grid which imposes the stator
current frequency The stator currents create a rotating magnetic field in the air gap. The

rotational speed of this field ws , s, is proportional to f;

w5 = 21fs 1)

If the rotor spins at a speed different from that of the rotational field, it sees a variation of
magnetic flux. Therefore, by Faraday’s law of induction, currents are induced in the rotor
windings . The DFIG machine operates usually as a generator if wr > ws and as a motor
otherwise. In the case of the DFIG however, it can operate in sub-synchronous mode as a

generator. The slip, s, defines the relative speed of the rotor compared with that of the



wW:.—w
S==0— o)
The slip is usually negative for a generator and positive for a motor. The currents induced in
the rotor windings pulse at an angular speed defined by the difference between the
synchronous speed and the rotor speed. Indeed, the stator currents at w, sees the rotating
magnetic field created by the stator pulsating at ws —w..It means the frequency of the rotor

currents,

fr =5fs 3)

If the rotor were to rotate at the synchronous speed, it would not see any change in magnetic
fluxes. No currents would then be induced in its windings. Therefore, the machine operates
always at speeds different from synchronous speed. The rotor-side inverter controls the rotor
currents. From equation (3), it can be noted that controlling the rotor currents controls the slip

and so the speed of the machine.

1.3. Work Objective:

Different types of fault can occur in Doubly fed Induction generator when it is connected to
the wind turbine. From Power system point of view, two types of faults are there, 1. Open
Circuit fault, 2. Short Circuit fault. Again, if we classify Short circuit fault, then they are 2
types, 1. Symmetrical Fault, 2. Unsymmetrical Fault . And Unsymmetrical faults are also

three types ,a) Single line to ground fault b) Line to line fault ¢) Double line to ground fault.

This paper concentrates on the low voltage ride-through capability of doubly fed induction
generator (DFIG) wind turbines during and after the single lie to ground fault. The main
attention in the paper is, therefore, drawn to the control of the DFIG wind turbine and of its
power converter and to the ability to protect itself without disconnection during grid faults.
The paper provides also an overview on the interaction between variable-speed DFIG wind
turbines and the power system subjected to disturbances, such as short circuit faults. A

typical grid code is displayed in the following figure 1.2.
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Figure 1.2: Grid codes in different countries for fault ride through

1.4.  Thesis Organization:

The structure of this dissertation reflects the research objectives discussed above. Chapter two
reviews existing FRT approaches and illustrates their performance. The third chapter of the
thesis presents the introduction to conventional PI controller with crowbar protection
approach of the doubly fed induction generator. Also, the relevant theory and the equations
from the aerodynamics tothe electrical modelling of the system is presented in fourth chapter.
This chapter also presents the vector control scheme for the induction generator, the current
loops and the tuning of the PI controllers..The fifth chapters deal with the simulation and
validation of the result. The wind turbine performance is observed. It demonstrates the results
from Matlab/Simulink and discussion.The sixth chapter of the thesis concludes the research. It

also points out the future works on the system.



2.1.

Chapter 2
Literature Review

Introduction:

Electrical Energy is the most essential part in our social and economic growth . Non-
renewable source of energy is creating a global concern. On the other hand source of fossil
fuel is limited that is why the interest in the renewable energy sources is increasing day by
day. The wind energy is one the most favorable best solution for the energy concern over the

non-renewable sources.

In this chapter, we will discuss about different Fault ride through techniques that have been
applied in previous work. In chapter 1, it is presented that the fault ride through technique in
DFIG based wind turbine can be employed by 2 methods, 1. Auxiliary hardware-based
method, 2. Software Based control technique. As this particular work is a combination of
both hardware and software-based fault effect mitigation technique, | have mentioned the pre-
existing works of the both techniques in the subsequent sections. Among these, some works
have employed only Hardware based technique, some papers have employed software-based

technique, and some papers have undertaken hybrid technique for fault mitigation.

2.2 Techniques employed for LVRT in DFIG :

Fault ride through techniques are basically two types , a) Auxiliary hardware based method,
b) Software based method.

Where “Auxiliary hardware based method” is five types such as-
i) Crowbar approach.

i) Fault current limiter.

iii) Static synchronous compensator

iv) Nine switch based approach.

v) Fault current limiter.

And ‘Software based method’ ia also five types such as-

i) Conventional PI control.

i) Virtual damping flux based method.

iii) Inductance emulating control method.



iv) Feedforward current reference control approach.

v) Sliding mode approach.

2.2.1 Crowbar :

In this method , the fault characteristic and its formation mechanism of double-fed induction
generator (DFIG) are explained, from the point of view of power system crowbar protection.
A new method of analyzing and calculating fault current of DFIG is presented, which
combines the advantages of physical process analysis and frequency domain analysis.
According to the physical process analysis, the frequency domain equation of DFIG is
divided into several equations about zero state and zero input response. By separately solving
the several equations, formulas for calculation of the fault current are deduced. These
formulas are not only applicable to calculation of short circuit current under symmetrical fault
but also unsymmetrical fault. Based on this method, the fault current characteristics of DFIG
under symmetrical and unsymmetrical fault are compared. Comparison result shows that AC
component of fault current of DFIG under symmetrical fault soon decays end. But AC
component under unsymmetrical fault is stable at the end. These new characteristics have an
effect on the applicability of the traditional relay protection, and provide a theoretical basis
for new methods of relay protection. At the end, simulation results show validity of the

proposed formulas under symmetrical and unsymmetrical fault.

2.2.2. Fault current limiter :

This is used to limit the stator currents, that protects the doubly-fed induction generator wind
turbine (DFIG-WT) during the symmetrical and asymmetrical grid faults. Fault current
limiter is cost-effective and requires little maintenance during operation. They maintain rotor
current and DC-link voltage below the maximum acceptable limits, thus, fortify the back-
back converters. Similar to a crowbar circuit, the fault current limiter circuitry also consists of
diode bridge circuitry. In paper [20], [21] different works related to fault current limiter are

presented.
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Figure 2.1) Resistive fault current limiter

2.2.3. Static Synchronous Compensator(STATCOM):

By controlling the amount of reactive power STATCOM regulates the terminal voltage of
DFIG. When terminal voltage is low then the STATCOM generates reactive power and when
terminal voltage is high then the STATCOM absorbs rective power from the line. A
STATCOM is a capacitor based shunt-connected FACTSs device that is capable of
generating and/or absorbing reactive power. Usually, the STATCOM is applied to voltage
support aims. Recently, a large number of wind turbines installed are the variable speed type
fitted with DFIGs. Under normal operating conditions, the DFIGs operate at close to unity
power factor and may supply some reactive power during system disturbances such as a
three-phase fault close to the wind farm in order to meet the LVRT grid code requirements. In
fault period, when voltage of the grid becomes very low, The STATCOM then activates and
fed reactive power to the system in order to prevent the voltage collapse. In this paper [18],
the STATCOM based LVRT approach is undertaken with the help of gate turn-off thyristor
(GTO) PWM converter with a dc-link capacitor.

Transmission Line 1 Transmission Line
Pr; +JOri

Voltage Source
Converter Transformer

s 7
Figure 2.2) STATCOM regulator




2.2.4. Nine Switch Converter based DFIG :

In this case novel Nine-Switch Converter is used instead of the twelve-switch back-to-back
converter. Its main features are sinusoidal output, unity power factor It costs reduced due to

less number of switches.

It is the replacement of traditional twelve-switch back-to-back (B2B) converter [11]. With the
proposed control, the gird-side branch gets higher voltage to maintain dc bus steady under
normal condition, and the rotor-side branch gets higher voltage to withstand the rotor-
overvoltage during Low Voltage Ride Through (LVRT). The proposed system and adapted
control method ensure the rating capacity of the power devices can be fully used at any time,
and no extra capacity margin on the power devices is required. Considering a traditional
twelve-switch B2B converter requires extra capacity margins on its power devices, or
additional auxiliary circuit to realize LVRT, the proposed NSC based system is more cost-
efficient because it not only saves three power devices, but also achieves LVRT without
additional auxiliary circuit. In most applications, thehigh dc voltage is the major defect of a
NSC, which limits its application. In the DFIG wind power system, this high dc voltage could
be properly utilized to withstand the rotor-overvoltageduring the voltage dipping moment,
and thus, achieves the LVRT without any additional auxiliary circuits. The advantages of
NSC hardwares in DFIG wind power system, is that it only requires nine power switches so
they are cost effective and dc voltage can be fully utilisedin either normal or LVRT period,
and no extra voltage margin is required. [19]

P
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Figure 2.3) Topology of nine switch converte
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2.2.5. Dynamic voltage restorer:

The working principle of Dynamic voltage restorer is almost similar to the series grid side
converter.lt is used to inject required magnitude of voltage and frequency so that DFIG can
maintain actual voltage across the load end during low voltage ride ride through[3]. The aim
of DVR system is to inject the voltage to produce the desired stator voltage. So, the stator
terminal is kept nominal voltage continuously under both normal and grid fault conditions
including balanced and unbalanced voltage dips[4]. For effective control of the DVR, digital
all-pass filters are used for extracting the positive-sequence component from the unbalanced
grid voltage since they have the advantages of giving a desired phase shift and no magnitude
reduction over conventional low or high-pass filters. Using the positive-sequence component,
the phase angles for the positive and negative sequence components of the grid voltage are
derived. A control algorithm for the DVR that is dual voltage controllers only is implemented
for the two sequence components in the dq synchronous reference frame. In order to achieve
the power rating reduction of the DVR, the stator power reference for the DFIG is reduced
during faults. In addition, a control scheme of pitch angle system is applied to stabilize the

operation of the wind turbine system in the event of grid faults.

Grid P 31

Figure 2.4. Dynamic voltage restorer

2.3. Software based Approach:

This technique is mainly software-based control techniques, where different types of
mathematical manipulations are done, in order to improve the performance. This includes
virtual damping flux based method, Impedance emulating method, PI control approach
method etc[5].
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These solutions are to improve the control strategy of RSC to fulfil the LVRT requirement. A
robust controller is used in to improve the system transient response. Virtual impedance is
introduced in some papers to increase the system damping. Since these two methods still use
the same rotor current references of the conventional vector control method, i.e., the rotor
current only contains the positive-sequence component, RSC should output sufficiently high
voltage to offset EMF. However, such required rotor voltage cannot be outputted under
severe 8 grid faults, because EMF far exceeds the RSC’s maximum output voltage. In this
case, the control system is prone to losing its controllability.

Some examples of software-based approaches are:

2.3.1. Conventional PI controller-based approach:

It is the most primitive process of controlling a grid side and rotor side converter. In fact,
there is nothing special in this method because the presence of this type of controller is
inevitable in DFIG based wind turbines. They generally are associated with crowbars, in

order to protect the rotor windings from overcurrent or other hardware devices.

2.3.2 Virtual Damping flux based approach:

During the fault condition, the transient flux causes an huge overshoot in rotor current. To
suppress that, a virtual damping flux based approach is undertaken . In this method, we
virtually calculate the amount of flux and then apply it in a separate loop to diminish the

effect of it.

2.3.3. Feedforward Current Reference Approach:

However, the classical proportional-integral (PI) controller cannot provide precise control of
the transient and negative-sequence rotor current, because such current references in
synchronous reference frame (SRF) are AC components at grid frequency and double grid
frequency, respectively. To solve this problem, this paper proposes a feedforward current
references control (FCRC) method for rotor side converter (RSC) to improve the system

transient control performance.
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2.3.4. Inductance Emulating Control:

For doubly fed induction generator (DFIG)-based wind turbines, the rotor side of DFIG is
prone to suffering from overcurrent during grid faults, due to large electromotive force
(EMF) induced in the rotor circuit. To solve this problem, this paper proposes an inductance-
emulating control strategy for DFIG-based wind turbine to suppress the post-fault rotor
current, thereby enhancing its low-voltage ride through (LVRT) capability. Under the
proposed control strategy, once the grid fault is detected, the rotor side converter (RSC) is

controlled to emulate an inductance[7].

2.3.5. Sliding Mode Control based approach:

Sliding mode control is a nonlinear robust control methodology by which anerror-based
sliding surface is chosen. The objective of sliding mode control is to minimize the error
between the reference and measured value to bring sliding surface=0 in finite time. Sliding
surfaces are to be chosen such a way that Lyapunov criteria is satisfied. In paper [7], the
DFIG grid fault has been minimized with the help of a sliding mode control-based

methodology.

12



Chapter 3

Introduction to Conventional PI controller with Crowbar
protection Approach

3.1. Introduction:

In chapter 2, we already put some views over Crowbar protection scheme and conventional
P1 controller approach. Now for this particular thesis work, we have to introduce a newer
type of , that is Conventional PI controller with Crowbar protection scheme . As we know, a
typical Conventional PI controller based approach has several disadvantages, like high stator
and rotor fault current phenomena, So in order to overcome this, we are using a different
approach, Conventional PI controller with Crowbar protection scheme .1t can be said as a part
of conventional PI control, where a terminal attractor in mathematical form is used in order to
alleviate the large overshoot and weak anti-disturbing phenomenon and to ensure the finite
time convergence. In subsequent slides and in next chapter, we shall discuss about
Conventional PI controller with Crowbar in more detail[9],[10].

3.2. Details of Conventional PI control:

The PI control is still the mostly used method within DFIG power system controls. Despite
the merits of simple structure, easy realization and wide using range, this method has to be
based on a precise model. When the controlled systems change their parameters or operating
situations, the PI controllers’ performance will decrease significantly. Considering the DFIG
system is actually multiple parameters nonlinear system with complex dynamic parts, the
traditional PI control can bring several defects, such as poor dynamic performance, large
overshoot and weak anti-disturbing ability. For the problems of conventional PI controller we

need to develop a system which can reduce the drawbacks[13],[14].

3.2.1. Mathematical Approach of Conventional Pl Control:

To implement Pl based control of DFIG machine, vector control approach is widely accepted
and extended one. The vector control of the induction machine is understood by the current
control loops. The vector control is an attractive solution for high performance and limited

speed range drive system application . The use of the suitable power converter in the rotor
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side, the overall system control can be performed with low current harmonic distortion in
both stator and rotor side . The space vector theory is used to express the three-phase
quantities in terms of the space vectors. Vector control modelling describes induction
machine describes its transient and steady state performance. The three phase quantities are
converted to synchronously rotating frame in order to address the system dynamics in
aconvenient way. The system becomes simpler and simplifies the understanding of the
control process. In the work, we specifically use stator flux-oriented vector control. In order
to easily control the production of electricity by the wind energy conversion system the stator

flux vector is aligned with d-axis. That results is-

Stator d and g axis voltage equations are-
dAg
Vds = Rslds + dts - ws)lqs (6)
dAgs
Vqs = Rqus + it + wslgs (7)
Now by putting egation-(5) value into the equation (6) and the equation (7) we get-
dA
V= Rslget —= (8)
dt
Rotor d and q axis voltages are -
dAg
Var = Rplgr + dtr — (ws—w;)Agr  (8)
dAgr

VZ;r = erqr + dt _(ws_wr)lqr (9)

Similarly, the fluxes in the stator and the rotor can be represented in the stationary reference

frame as follows:
Mds = LS lgs + Ly lar (10)

has = Ls lgs + Lin I (11)
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Xdr = I—r Idr + I—m Ids (12)

Aqr =L, lg + Ly lgs (13)

Assuming Ags t0 be constant in steady state, Suppose that electrical supply network is stable,
which leads to constant stator flux which means derivative term of Ags IS alSO zero.So the new

voltage equation will be:

Vds: Rsl ds (14)

Vqs: Rslqs+0)s7¥s (15)

3.2.2 Decoupled control of active and reactive power :

Variable speed wind energy system uses mostly doubly-fed induction generators(DFIGs) for
its application which gives better performance, maximum power output etc. Various control
scheme is used for both machine-side converter control and grid-side converter control.
stator-flux oriented vector control scheme is used in machine-side converter by which
decouple control of active and reactive of DFIG is achieved. Grid voltage oriented vector
control is used in grid-side, which maintains the dc-link voltage and improves the power
factor at rotror-side.The function of the rotor side (RSC) is to control the active and reactive
powers of DFIG. Since the DFIG is connected to the utility grid, the power produced by the
generator must be controlled independently . Hence, the stator flux oriented vector control is
introduced for this reason, which consists to align the stator flux vector position along d-axis,

as shown in figure below.

-~ Rotor axis

/2 N »Stator axis

Figure 3.1. Stator and rotor flux vectors of DFIG
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3.2.3) Details of Crowbar protection circuit :

For DFIG (Doubly Fed Induction Generator) based wind turbines, crowbar is a commonly
used protection method against surge current caused by sudden drop of the grid voltage
during the period of LVRT (Low Voltage Ride-Through). Based on detailed analysis of the
transient flux characteristics of DFIG with the crowbar fired, a simplified model is proposed
to analyze and approximate the short circuit current accurately. Meanwhile the maximum
short circuit current and the LVRT capability are evaluated. After that the dc-link voltage
clamp effect is pointed out and a crowbar design method based on the dc-link voltage is
proposed accordingly.

A Crowbar Circuit is a simple electrical circuit that prevents damage to the circuits (load of
the power supply) in the event of an overvoltage of the power supply. It protects the load by
shorting the output terminals of the power supply when a overvoltage is detected.When the
output terminals of the power supply are shorted, the huge current flow will blow the fuse
and thus disconnecting the power supply from the rest of the circuit. Hence, in simple terms,
the job of the Crowbar Circuit is to detect the overvoltage ,overcurrent and blow the fuse
(sometimes, a circuit breaker is tripped).Typically, Crowbar Circuits are designed using
Thyristor (SCR).

Output from o

Power Supply C1
[ﬁ R1  mtem C2

Figure 3.2. Crowbar circuit by using SCR
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3.2.4 Working principle of Crowbar :

The working of Crowbar circuit is very simple. The Zener Diode (ZD1) is the component
that detects the over voltage. Usually, the threshold voltage of the Zener Diode is selected

just over the output voltage of the power supply (1V more than the output voltage).
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When an overvoltage occurs and if the voltage reaches the threshold voltage of the Zener
Diode, then it starts conducting. If the voltage still increases, the voltage drop across the
Resistor R1 and the Gate terminal of the SCR (Q1) will increase.

Initially, when the Zener Diode in not conducting, the Resistor R1 acts as pull-down resistor
for the Gate terminal of the Thyristor to keep in LOW. But when the Zener Diode starts
conducting and the voltage across the resistor R1 increases, the gate voltage also increases.
When the voltage at the Gate terminal is more than its threshold voltage (usually between
0.6V and 1V), the Thyristor starts to conduct and essentially providing a short circuit
between the power rails. As a result of this short circuit, the fuse blows.One important point
to remember here is that the current rating of the Thyristor should be more that that of the
Fuse. Also, the overall trigger voltage is the sum of Zener Diode threshold voltage and the
Thyristor threshold voltage.There are few other components in the circuit and let us see their
purpose in this circuit. First, the Capacitor C1 is a filter capacitor used to reduce noise and
small voltage spikes and avoids unnecessary triggering of the circuits. The Capacitor C2 is a
Snubber Capacitor and it prevents accidental triggering of the Thyristor during powerup of
the circuits. Finally, the Schottky Diode acts as reverse protection diode to prevent the main

circuit from triggering the Crowbar Circuit.

3.4. Chapter Summary:

In this chapter, the theoretical approaches that are to be undertaken for the thesis work has
been discussed. The conventional Pl controller and Conventional Pl controller with Crowbar

protection scheme have been presented efficiently.
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Chapter 4
Mathematical Formulation For Test Simulation

4.1. Introduction:

In this chapter we shall discuss about mathematical formulation that is required for our
simulation. As discussed in chapter 3, we shall start with the mathematical modelling of

DFIG. This will give us the set of equations that we can use to create our Conventional Pl

controller with Crowbar scheme.

4.2. Mathematical modelling of Wind turbine:

Wind turbine converts the kinetic energy present in the wind to the mechanical energy. The
generated mechanical energy is in the form of torque and speed [14]. The mechanical power
produced has the cubic power relation with the wind velocity so fluctuations in the wind
speed creates the variation in the generated power. The total energy present in the wind is

given by:
P =AY} (16)

The mechanical power and the torque of the wind turbine is given by:

B = 5pTR?GIC, (17)

T, = 5 prR3G2C, (18)

Where,
p = Density of the air = 1.23 Kg/m3

A =1 R% = Cross sectional area of the blade.
R= Radius of the wind turbine.
Cp=Power coefficient.

Ct= Torque Coefficient = Cp/A

A = Tip Speed Ratio =%

w
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In the above equation the power and the torque coefficients are used since only the fraction of
the total kinetic energy present in the wind is converted into the mechanical energy at the
wind turbin. The power conversion coefficient is the function of the blade pitch angle (B) and
the tip to speed ratio (A). The tip to speed ratio is the speed of the tip of the turbine blade
relative to the speed of the wind. The generated power depends on the relative velocity of the
rotor tip and the wind speed.

The extracted power from the wind turbine can be controlled by controlling the Cp value. During
the higher winds, the generator and the converter can be overloaded. At these conditions the rotor
speed must be controlled. This is done by rotating the pitch of the blade. The graph below shows
the relationship between the power conversion coefficient and tip to speed ratio for different

values of the pitch angle.

4.3. Mathematical modelling of DFIG :

The mathematical modelling of DFIG is based on dq axis modelling. Making it into rotating
reference frame, it is easier to analyse the system. DFIG is currently the most widely used
types of electrical generators for wind turbine systems in the Megawatt range

A synchronous rotating dq reference frame is used to model the DFIG with the direct -axis
oriented along the stator flux position. In this way, decoupled control between the electrical
torque and the rotor excitation current is obtained. The reference frame is rotating with the
same speed as the stator voltage[20],[21]. The schematic diagram of the grid connected DFIG

is shown in figure 1.1.

4.3.1. dg to abc convertion:-

The Clarke transformation transforms the 3-phase system a,b,c to the two orthogonal
coordinate system (a,). This transformation transforms the three phase reference frame to
the two-phase stationary reference frame [15].

The Park Transformation transforms the 3 phase a,b,c co-ordinate into a synchronously
rotating dqO reference frame. To perform this, one more parameter is needed which is the
angular position wt, unit in radian. When the rotating frame alignment at ot=0 is 90 degrees
behind the phase A axis, a positive-sequence signal with Mag=1 and Phase=0 degrees yields

the following dq values: d=1, q=0.[16]
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C axis ”

Figure 4.1. dq to abc conversion model

4.3.2 Rotor side converter :

The vector control of the machine is performed in the synchronously rotating dq reference frame.
The stator flux vector position is oriented along the direct-axis[23],[24]. The implementation of
the control of the rotor side converter the stator and rotor currents along with the stator voltage and
rotor position is required to be known. The advantage of the stator flux orientation is that the
torque is only dependent on the quadrature axis component of the rotor current. The equations
obtained for the rotor voltage in synchronous reference frame as the function of the rotor currents

is as shown in figure 4.2 -

Fault Controller

Switch control
signal

Reactive power
calculation

‘ Transient g-axis
‘ control

a?\‘{ip (lf//slfn/l‘\ + O-Li

rdr

Figure 4.2. Controller of rotor side converter
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4.3.3. Equivalent dq axis circuit of DFIG:

Id"' R - Lcrs Lcrr 4T R 'idr
o B Y N
+ & & +
+ +
Vas dgﬁdx ng d¢d.=- Var
dt dt
z'?-? R _a)s s Lo’s .La,r @, lr - R 1'(;!‘
L o @D
. O . O :

Figure 4.3. d-g model of DFIG

From the figure, the voltage equations can be derived as follows:

dAgs
Vds = RsIds + d: - Ws)lqs (19)
dAgs
Vas = Rilgs + 52+ wydgs (20)
dA gy
Vdr = erdr + dt (Ws_Wr)/ldr (21)
ddgr
Vor = Ryl + “ar (Ws_Wr)/lqr (22)
Change of d-g frame current will be-
dlg, 1 skm As
dz = O__Lr(Vqr _erdr - SVqr O-Idr _S(UL—S) (23)
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dlgy

And =

1
= E(Vqr—erqr + sVy0l,,)

The fluxes in the stator can be written as follows:

Yds = Lsids + Lmidr (25)
Yar = Lsigs + Lmigr (26)

Similarly, for the fluxes in the rotor can be written as:

Ydr = Limids + Lridr  (27)

Yaqr = Lmigs + Lrig
(28)

(24)

Where, Ls Lr and Lm are the stator, rotor and the mutual inductances respectively.Also,

Ls = Lo‘s + Lm (29)

Lr = Lor + Lm (30)

Where L,s and Lo are the self-inductances of the stator and the rotor respectively.

4.3.4. Back to back PWM converter:

o H%BH?}

i{ )

e Ellaas

AC

Figure: 4.4. Schematic of Back to Back PWM converter

Power circuit of three-phase voltage-source back-to-back PWM converters including twelve

power semiconductor switches is shown in Fig.4.4, where the two converters are linked

through a DC capacitor. As can be seen in Fig. 4.4, the AC/DC converter has three input

voltages and produces an output voltage (DC voltage), which is the input voltage of the
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4.3.5

inverter, whereas the three phase voltages designate the output terminal of the inverter.RSC
and GSC can be considered as two controllable voltage sources. These two voltage sources
can be expressed in a reference frame where the stator voltage space vector is aligned with
the g-axis. Note that the reference frames for DFIG model, RSC control, and GSC control are
all aligned with the stator voltage[25].

The RSC and GSC voltages are generated through the afore-mentioned control blocks. In
Matlab/Simulink, feedback control blocks can be built. The converter controls can then be
integrated with the DFIG model in the same dq reference frame.There is one relationship not
modelled yet: the DC-link capacitor dynamics or the relationship between the RSC and the
GSC. The DC-link capacitor dynamics has to be considered as well[26].

Grid side converter :-

The control objective of the grid side converter is to keep the DC-link voltage constant
regardless of the magnitude and the direction of the rotor power. Direct axis current is
controlled to keep the DC-link voltage constant, and quadrature axis current component can
be used to regulate the reactive power flow between the grid side converter and the grid. The
d-axis of the reference frame is aligned with the grid voltage angular position. Since
amplitude voltage of the grid is constant, VVqg is zero and Vdg is constant[27],[28].

The active and reactive powers injected to the grid by the Converter can be calculated as

follows:
Active Power, Pyq = 3/2 (Vgglar + Vgglor) (31)
Or, Pgg = 1.5V glgs (32)
Reactive Power,
Qg = 3/2(Vgglar — Vglgr) (33)
Or, Qg =—1.5Vylys (34)

In a typical grid filter model, the voltage equation can be written as follows:

V= Rilg + Lt (35)

where Vg, Ve are the voltages at the output of GSC and Idf, Igf are the corresponding
reactive power flow between the supply side converter and the supply will be proportional to

idf and igf respectively. The amount of energy stored in the DC-link capacitor is given by:

dw/dt =12 CdZ—V =-P. —Pr (36)
dt f
23



And, equivalent d-q axis voltage is given by-

(3 Vag fPSTef + Rﬂdf + (DSLfqu - Vdg) (37)
And,

—gﬁ FQSref + Relgs + sblgr ) (38)

4.4. Conventional PI controller based approach:

4.4.1. Tuning of the regulators:

Rotor Side Converter Controller Tuning The equivalent block diagram for the closed loop

current control in the rotor side control block is shown in the block diagram as below from

.k — .
tr + | Lyr
B —— -
olL.s + R,
j w.ol,
w oL iy + o, I'“| A :>< -
dr * ®rp 3 woL,
. + .
lar 4 ki + Var + <5y I Ly

=
+

oLs + R,

Tmr % | Wl

‘8

Figure 4.5. Current control loop of Rotor side converter with conventional PI control

The block diagram shown above can be simplified into the transfer function as below:

ui — SKp +Kl (39)
igy Lps?o+s(Kp+Ry)+K;

i sKp+K;

dr (40)

igr Lfs a+s(K +R; )+K;
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The above transfer function is then compared with the denominator of the second order of the
general control transfer function i.e., s% + 2&,s + (on)?
we have-

Ki= L(on)’+20 (41)

And Kp = 2cL.&(on)* -R, (42)

This gives the proportional and the integral gain constant for the Pl-controller in the rotor
side converter control.
4.4.2 Grid Side Converter Controller Tuning:

The grid side converter is fed from the grid using the RL-filter. Taking theLaplace

transformation in the voltage equations of the grid side converter yields the following transfer

function:
ldg _ 1 (43)
Vdf Rf+SLf
i
and 2L =1 (44)
qu Rf+SLf

The block diagram for the grid side converter control loop is shown in the figure below:

Figure 4.6. Current control loop of grid side converter with Conventional PI control

The current loops in the control block diagram can be modelled using the transfer function as
shown below:

id sK,+K;
L = (45)
Lag Les +S(Kp+Rr)+Ki
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4.4.3

4.4.5

iqg _ SKp +K;

ing  Lrs?+s(Kp+Ry)+K;

And (46)

This gives the proportional and the integral gain constant for the Pl-controller in the rotor

side converter control.

Design of the Control System for DFIG Wind Turbine in conventional Pl
controller:

The vector control of the induction machine is widely accepted and extended one. The vector
control of the induction machine is understood by the current control loops. The vector
control is an attractive solution for high performance and limited speed range drive system
application [32], [33]. The use of the suitable power converter in the rotor side, theoverall
system control can be performed with low current harmonic distortion in both stator and rotor
side [23], [32]. The main idea behind the vector control of the induction machine is its
mathematical equivalency to the separately magnetized dc machine [33]. The space vector
theory is used to express the three-phase quantities in terms of the space vectors. This
modelling of the induction motor describes the operation of the motor in the transient and the
steady state[34]. The three phase electrical quantities are converted into two orthogonal
components that can be visualized as the vectors. The projection converts the three-phase
time dependent system to the two-component time invariant system. This helps us to
visualize the three phase induction motor as that of the two-phase system[35]. The system
becomes simpler and simplifies the understanding of the control process.

Rotor Side Converter:

The vector control of the machine is performed in the synchronously rotating dg reference
frame. The stator flux vector position is oriented along the direct-axis [23], [36]. The
implementation of the control of the rotor side converter the stator and rotor currents along
with the stator voltage and rotor position is required to be known. The advantage of the stator
flux orientation is that the torque is only dependent on the quadrature axis component of the
rotor current The equations obtained for the rotor voltage in synchronous reference frame as

the function of the rotor currents is as shown below:

dA
Vdr = erdr +E - (ws_wr))\. (47)
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B di gy ) Ly, d
And, Vqr - erqr + GLrﬁ - G(Drl—rldr + O)I’L_S E (48)

Where,

2
c=1_n (49)

LsLy

The stator flux is constant since the grid is connected to the stator of the DFIG, this implies

that the derivative term ‘fi—lf is zero [31], [33]. For the transformation in the reference frame,

the angle 0, has to be estimated. The stator and the rotor winding turns ratio must be
considered at the control stages of the induction machine. For the thesis, the rotor current ig-

is set to zero. The block diagram for the rotor side converter control of the induction machine

is provided in figure 4.7.

PLL

Figure 4.7. Block diagram for the rotor side converter control of the DFIG

In the block diagram, PLL(Phase Locked Loop) is used to estimate the grid angle while in

this thesis the grid angle is calculated using angle calculation block which will explained in

the later section.
And the controller constant gains in the above block diagram are defined as below-

Kpg = (;_);Vdg (50)

and K =- @);Vdg (51)

2

27



4.4.6 Angle Estimation

For the estimation of the rotor angle and the grid angle an angle estimation block is used. The
rotor angle can be calculated as follows:

0s =tan~! (:%;) (52)
And 0Or = 0s - g— 0e (53)
where,
0e = pOm

Os is the stator angle
Or is the rotor angle

Oe is the electrical angle
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Chapter 5

“ Simulation”

5.1 Model description:-

Matlab/Simulink model consists of wound induction generator, back toback PWM
converters, Conventional In this chapter, the mathematical models of the Doubly Fed
Induction Generator are realized using Pl controller block, Crowbar and grid block. The
measurement block is also present and the output block which consists of the scope from
Matlab to view the results in the Simulink environment.The asynchronous wound induction
generator from the Simscape library is used as the induction generator for the thesis[30],[31].
The stator of the generator is connected directly to grid while the rotor of the converter is
connected to the back to back converter and to the grid. The IGBT based converters are used
for the simulation purpose. One of the IGBT converteris connected to the rotor of the DFIG
while the other converter is connected to the grid through the filter circuit. The DC link
capacitor decouples the operation of the converters so that the individual control of the
converter is made possible. The aerodynamics model generates the torque to drive the
machine based on the formulas given in the previous chapters. The controller block consists
of the rotor side controller and the grid side controller for the respective converters. The

pulse signal to drive the converters are generated at the controller block [32].
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Figure 5.1. MATLAB/SIMULINK block diagram for simulation of unsymmetrical fault with

conventional Pl controller with crowbar.

The parameters used in the wound generator are summarized in the table below:

Table 5.1) Generator parameters

Parameters Values
Number of pole 2
Pairs

Stator Voltage 500

Rotor Voltage 500
Stator Resistance 0.0025
Stator Inductance 0.076 mH
Mutual Inductance 2.52 mH
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Parameters Values
Rotor Inductance 0.084 mH
Inertia 25
Friction Factor 0.025
Filter Resistance 0.19866
mohm
Filter Inductance 0.05262 mH
DC capacitor value 30000 uF
Crowbar Resistance 1 pohm
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5.2.2. Controller blocks:

5.2.2.a. Rotor side controller :

The conventional Pl control of the block diagram presented in the previous section is
implemented in this section. The reference voltage for the rotor side converter is generated
using the vector control. The block also consists of the Maximum Power Point Tracking block
whichmaximizes the efficiency of the system by tracking the optimum operational speed. The
block consists of the several transformation blocks which transforms the voltages and
currents in the abc reference frame to the stationary reference frame and then to the
synchronously rotating dg- reference frame. The PI controllers are used for the control. The
gains of the PI controller are tuned which was explained in the previous section. The
generated reference voltage is then fed to the PWM generator block from the
Matlab/Simulink library. This block generates the pulse signal for the control of the rotor
side converter. The figure below shows the Indirect Speed controller MPPT used in the
control block[33],[34].

5.2.2.b. Grid Side Controller:

The grid side converter control discussed in the previous section is implemented in this
section. The grid side converter (GSC) controls the dc-link voltage and regulates the reactive
power exchange with the grid. The grid voltage orientation vector control is
implemented[35],[36]. The control of the grid side converter requires the transformation of
the abc-reference frame to the synchronously rotating dq reference frame. The grid side
current inthe decoupled synchronous reference frame is controlled using the PI controllers.
The PI controllers are tuned using the gain parameters derived in the previous section. The
currentoutputs of the PI controller are then converted into the voltages converted back to the
abc-reference frame. The signal is then applied to the PWM generator to generate the pulse

signal for the grid side controller[37],[38].

5.3 Wind turbine Aerodynamics block:

The wind turbine block is made by utilising the equations of wind turbine as mentioned in
chapter 4. The output of wind turbine is mechanical power and aerodynamic torque. The

Torque is fed to the induction generator. The wind Turbine model uses wind speed, generator
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speed and the pitch angle as the input parameters. The radius of the blade, and the wind speed
is used to derive the power coefficient Cp(A, B). Then, the torque calculated. The figure
below shows the block which performs the aerodynamic calculation of the turbine
torque[39],[40].

= Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Figure 5.2. Wind turbine power characteristics

The optimum value of lambda is obtained from the Cp(A, B) and tip to speed
ratio curve. Theoptimum value of the power coefficient is the maximum value
obtained from the curve and itis obtained to be 49% which is not practically
viable. So, the value of Cp is chosen to be at 44%.[41],[42]. The rated
parameters used in the aerodynamics block is shown below:

Table 5.2. Aerodynamic Properties:

Parameters Values
Wind Speed 10 m/s.
Radius 35
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Pitch Angle 0
Gear Box 80
Density of Wind 1.3

5.4 Simulation Test Scenario and Results :

Now we shall focus on our simulation work. To check the fault ride through capability with
different types controllers, we have to introduce a fault in the grid side so that voltage dip
occurs. Voltage dip is a sudden reduction of the voltage at a point in the electrical system
between 10% and 100% and lasts for half cycle to 1 min[43],. Three-phase symmetrical
faults represent one of the most common causes of voltage sags. In this work, we have
introduced three phase symmetrical fault which results in a 100% dip of voltage in the DFIG
grid side which implies that no grid voltage remains from 0.9 s to 1.1 s in the simulation
runtime. A three-phase breaker is used purposefully to create the voltage dip on the

aforementioned time interval. The simulation runtime is 2 second. The following figure

represents the voltage waveform forthe time interval with fault condition.[44],[45]
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Figure 5.3) Grid voltage waveform without fault applied.
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Figure 5.4. Normal waveform of stator current.
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Figure 5.5. Normal waveform of rotor current

5.6 Unsymmetrical fault Using Conventional PI controller:

Now we have to check the effect on Stator voltage, stator current, rotor current ,torque ,active

power and reactive power due to Unsymmetrical fault using conventional Pl controller.

This control approach implementation isdone in Rotor Side converter and grid side converter
control block in the system model in SIMULINK. The mathematical implementation of the
control is done as per the control methodology discussed in the chapter 4. Kp and Ki values
for the controllers are calculated as per the equations derived[46],[47].

With this controller we have checked the response of Stator current, Rotor Current, Rotor
Speed, Stator Active Power, Stator Reactive Power and Torque during the fault condition.
From the graphs it can be seen that as soon as 0.8 sec time reached, the single line to ground
fault initiates, resulting in a spike in stator and rotor current, and a fluctuation in torque, that

eventually stabilizes at zero[48]. Active and Reactive Power becomes zero at fault time
35



because the Voltage is 0. Again after 1 sec, a huge transient occurs in stator and rotor
current,a fluctuation occurs in active, reactive power and torque. This method offers poor

control ineliminating harmonics from the system and yield poor output.
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Figure 5.6.3. Rotor speed variation in Conventional PI controller
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Figure 5.6.5. Reactive power variation in Conventional PI controller
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Figure 5.6.6. Torque variation in conventional Pl controller
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5.7 Unsymmetrical Fault analysis Using Conventional Pl Controller with Crowbar protection :

Now we have to check the effect on Stator voltage, stator current, rotor current ,torque ,active
power and reactive power due to Unsymmetrical fault using Conventional PI controller with
crowbar protection scheme . This control approach implementation is done in Rotor Side
converter and grid side converter control block in the system model in SIMULINK. The
detailed mathematical expressions of Conventional Pl controller with crowbar protection
scheme is presented in chapter 3 and 4. Similar to PI controller, now we have to check the
response of Stator current, Rotor Current, Rotor Speed, Stator Active Power, Stator Reactive
Power and Torque during the fault condition. From the graphs it can be seen that as soon as
0.8 sec time reached, the single line to ground fault initiates, resulting in a spike in stator and
rotor current, and a fluctuation in torque, that eventually stabilizes at zero. Active and
Reactive Power becomes zero at fault time because the Voltage is 0. Again after 1 sec, a huge
transient occurs in stator and rotor current, a fluctuation occurs in active, reactive power and
torque. From the waveforms it can be concluded that the response is better than conventional

PI controller in terms of generating better response.

‘ T T T T T l T T T T T
5000 N V -
0 f:f'r}“'uf‘ff“x!._('j‘)“!"j'f }aj:! f' ﬁlril fﬁ‘f"{' {““‘J’ Q"\f‘ﬂ’ IIU Alu\:\t’ko\h(‘u-i\}\lulj /A}uljtﬁ!\d
Veve
I

5000 |‘—

|
10000 - ¥ o
| | | | . | | | 1 ! | |

Stator Current (A)

Figure 5.7.1. Stator current variation in “conventional PI controller with crowbar”
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Figure 5.7.2. Rotor current variation in “conventional PI controller with crowbar”
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Figure 5.7.5. Reactive power variation in “conventional PI controller with crowbar”
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Figure 5.7.6. Torque variation in “conventional PI controller with crowbar”
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Figure 5.7.7. Crowbar current variation “conventional PI controller with crowbar”

Result summary :

From the obtained results, we can conclude that the proposed conventional PI controller with
Crowbar protection scheme is much better in terms of eliminating high stator current,high
rotor current, and improving torque variation , active power variation and reactive power control
and it is also capable of ensuring finite time convergence as compared to conventional Pl

control . It is useful enough for the system to abide by the grid codes.
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5.8. Data Comparison Table:

Different controllers

Maximum Stator
current in transient
period (in pu)

Maximum Stator
current in transient
clearing time (in
pu)

Settling time (in
sec)

PI controller

3.33 4.44 0.3
PI controller with
Crowbar 2.77 3.88 0.25

5.4. Comparison of stator current transient characteristics

Different controllel

Maximum
rotor current in
transient period (in

Maximum
rotor current in
transient clearing

Settling time(in sec)

pu) time (in pu)
Pl controller
5.7 3.33 0.23
PI controller with
Crowbar 5 55 577 0.2

5.5.Comparison of rotor current transient characteristics

Different controllels

Stator active power
in transient period

(in pu)

Stator active power
in transient
clearing time (in
pu)

Settling time(in sec)

PI controller

0 5 0.3
PI controller with
Crowbar 0 15 0.25

Table 5.6: Comparison of active power transient characteristics
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Different controllel

Stator reactive
power in transient
period(in pu)

Stator reactive
power in transient
clearing time(in pu)

Settling time(in pu)

PI controller

0 5 0.4
PI controller with
Crowbar 0 4 0.3

Table 5.7: Comparison of reactive power transient characteristics

Different controllel

Torque in transient
period(in pu)

Torque in transient
clearing time(in pu)

Settling time(in sec)

P1 controller
2 15 >04
PI controller with
Crowbar
7
5 0.4

Table 5.8. Comparison of torque transient characteristics
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Chapter 6
Conclusion and Future work

Conclusion :

In this thesis, Conventional PI controller with crowbar protection scheme is undertaken in
order to enhance the fault characteristics and the fault ride through performance of DFIG
based wind turbine. The objective of this thesis work is to improve the fault characteristics of
DFIG due to single line to ground fault and improving the transient performance of the
system. Single line to ground fault with 100% voltage sag is used in order to check the
effect of L-G fault using the proposed scheme. The obtained results ensure the terminal
attractor property of Conventional Pl controller with crowbar protection scheme that
alleviates the transient phenomenon in conventional Pl control. Further, to reduce the
current overshoot to some extent, we use a crowbar at rotor terminal and compare The
compared result ensures the superiority of conventional Pl control.

In this thesis, the vector control of the induction machine with stator flux orientation for the
rotor side converter and the grid voltage orientation vector control for the grid side converter
was performed. The thesis analyzes the operation of the DFIG on variable wind condition
with maximum power point tracking. The successful control of the induction machine was
achieved to generate the power. The operation of the DFIG in different operating speed was
observed and the system was subjected to the variable wind speed.

The reference output signal was compared with the result of conventional Pl controller
scheme and conventional controller with crowbar protection scheme . The unsymmetrical
voltage dip was analyzed, and the system was protected using the crowbar. Vector control of
the DFIG is very important control technique that offers the dynamic control of the machine.
The current loops are studied in detail. DFIG based WECS is oneof the important and most
popular wind turbines. The low rating sizing of the converter and the variable speed

application to be able to operate and control the turbine in subsynchronous and super-

synchronous mode makes the DFIG scheme more popular.
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Future Plans:

Wind energy is one of the most emerging field of energy. The more intensive and wide
research on the renewable energy to reduce the environmental hazards caused by the fossil
fuels. Variable speed wind energy is one of the most important renewable energy. But DFIG
based Wind turbines are very prone to experience grid faults so, fault analysis is very
important to maintain grid codes and to protect DFIG power converters from high rotor
current. Lots of work were proposed in order to control grid fault in DFIG connected wind
turbine. In this work our contribution is to present a crowbar protection scheme along with
the conventional Pl controller. This model can be further expanded to the stand-alone
operation of the wind turbine with changes in the controller blocks. Also, This work further
can be progressed by applying more robust control methodologies like H-infinity control,
because the H-infinity control system has higher efficiency and adds more to the power
system stability and security. The turbine model along with other sources can increase the

stability as well as minimize the power system fluctuations.
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